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Swimming performance requires a whole body coordinated movement to elicit high 
propulsive forces with the majority of forces produced from the upper body musculature. 
The current academic literature highlights a range of dry-land resistance exercises that 
show moderate to strong correlations to swimming performance; however, association does 
not imply causation.  Specificity states that adaptations are specific to the nature of the 
training stress applied and therefore it is important to highlight the dry-land resistance 
exercises improving swimming performance. The aim of this research study is to examine 
the specificity of dry-land resistance exercises to swimming performance. A systematic 
review of the impact of resistance training on front crawl swimming performance 
highlighted that low volume, high force, traditional resistance training programmes, 
showed positive improvement in swimming performance. Neuromuscular adaptations 
contribute to resistance training exercises improving swimming performance according to 
several research studies.  
A review of the specificity between front crawl swimming and dry-land resistance exercises 
using electromyography (EMG) data highlighted a series of similar prime movers (i.e. 
latissimus dorsi, pectoralis major, triceps brachii and deltoids) between a range of dry-land 
resistance exercises. A qualitative study of elite swimming strength and conditioning 
coaches identified the dry-land resistance exercises most commonly used and deemed most 
relevant by practitioners and coaches. The bench press and pull up were the two upper body 
dry-land resistance exercises that coaches ranked highest in terms of improving swimming 
performance. This prompted an investigation of the specificity of these dry-land resistance 
exercises to front crawl swimming using EMG data analysis. Following a series of pilot 
tests, 14 male national and international swimmers were recorded using 2D kinematic 
analysis to identify event cycles and EMG to investigate muscle activations. The specificity 
of front crawl swimming to bench press and pull up exercises were examined using 
temporal co-ordination, temporal muscle activation overlaps, Functional Data Analysis 
(FDA) Pearson pointwise correlations, Statistical Parametric Mapping (SPM) t-tests and 
Root Mean Square Difference (RMSD). The findings of this research show that while the 
key prime movers between the bench press and pull up exercises and front crawl swimming 
are similar, there is limited specificity. The results would also suggest that these exercises 
are applicable for the general preparation period but not for the specific competition period. 
The large variability within the data set makes findings difficult to interpret. Future research 
needs to focus on individual analysis of specificity, as the large variability does not make 
group analysis techniques representative of the high level of individual variability found 
within the data set. Greater specificity is required through the development of a coherent 
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1.1 Research Rationale 
Swimming performance requires a complex interplay of physiological, morphological, 
neuromuscular, biomechanical and technical factors. The impact of these factors on 
swimming performance allow for an improvement in swimming velocity, defined as the 
average velocity over a prescribed race distance. Research has shown that the best single 
performance predictors in 100 m swimming performance are stroke index, arm span and 
lactate levels (Lätt et al., 2010). Coaches nowadays routinely use measurements of stroke 
rate and stroke length to assess swimming performance and strategically manipulating the 
relationship between these factors allow for an improvement in swimming performance. 
Various factors influence stroke rate and stroke length, with researchers showing that 
training intensity, swimming distance, gender and style of swimming all influence the 
stroke rate and stroke length relationship (Craig et al., 1985, Wakayoshi et al., 1995). 
Furthermore, researchers have analysed the front crawl swimming stroke cycle, dividing it 
into four distinct phases; catch, pull, push, and recovery phase.  Through the measurement 
of the duration of these phases (Chollet et al., 2000) and the relative contribution of each 
phase to the total duration of the arm stroke cycle, it is possible to determine the arm 
coordination employed by each individual swimmer (Alberty et al., 2008, Chollet et al., 
2000). Therefore, the temporal organisation of the stroke is important in characterising elite 
performers (Chatard et al., 1990). The index of coordination (Chollet et al., 2000) was 
proposed to assess the temporal organisation of inter-arm coordination in front crawl by 
measuring the lag time between the upper limb propulsive phases. The index of co-
ordination is based on the quantification of arm stroke phases and depends on task (race 
pace), organismic (anthropometry, performance level), and environmental (drag) 
constraints (Seifert et al., 2007). Examination of stroke phases suggest a significantly 
shorter push phase and a longer catch phase in elite swimmers (Chollet et al., 2000, Millet 
et al., 2002, Seifert et al., 2004). These results, however, contradict those presented by 
several other authors who observed that faster swimmers were characterised by higher 
index of co-ordination and longer propulsive phase duration at equivalent paces (Seifert et 
al., 2007, Toussaint and Vervoorn, 1990, Schnitzler et al., 2011). It is clear from the 
literature that future research is warranted. Therefore, temporal aspects of coordination are 
an important factor to consider and an improvement in these temporal characteristics 




Research has shown that front crawl (front crawl) swimming is highly reliant on the 
exertion of high impulses against the water during the propulsive phase (Sharp et al., 1981, 
Costill et al., 1986, Costill et al., 1980) with upper body strength being important. 
Resistance training has been shown to improve swimming performance (Aspenes and 
Karlsen, 2012, Morouço et al., 2012). The upper body muscles produce the majority of 
propulsive forces (Smith et al., 2002, Toussaint and Beek, 1992, Hollander et al., 1988), 
therefore, the upper body musculature plays an important role in the development of 
swimming velocity (Hollander et al., 1988, Bucher, 1975, Deschodt et al., 1999, Zamparo 
et al., 2005) with strong correlations (r = 0.93) found between upper body muscular strength 
and swimming performance (Smith et al., 2002). Research investigating dry-land resistance 
training interventions has shown significant improvements in swimming performance 
(Weston et al., 2015, Girold et al., 2012, Girold et al., 2007, Song et al., 2009, Strass, 1988, 
Aspenes et al., 2009). The literature has shown that specific maximal strength has been 
correlated with superior sport performance across a variety of athletic movements (Stone 
et al., 2002). Suchomel et al. (2016) concluded that greater specific muscular strength can 
enhance the force-time characteristics, for example, rate of force development (RFD) and 
external mechanical power, of an individual that can transfer to improving sport 
performance. However, the improvement in strength and the transfer of this improvement 
to sport performance requires many considerations.   
The conversion of training practices, such as resistance training, to sports performance is 
called the transfer of training (Zatsiorsky and Kraemer, 2006, Young, 2006). Therefore, the 
magnitude of change that any training modality has on the performance of the target 
performance activity is known as the transfer of training. The major challenge with 
measuring transfer is the isolation of the training effect. Zatsiorsky and Kraemer (2006) 
further proposed an equation to represent the magnitude of transfer, known as the “transfer 
effect coefficient”, defined as the ratio between the improvement in sport performance and 
improvement in the selected exercise, usually expressed as an effect size or percentage. 
Bondarchuk (2007) has researched extensively the topic of transfer and its scientific and 
practical applications. In this respect, Bondarchuk (2007) classifies exercises as; (1) 
exercises for general development, (2) exercises for specialised preparation, (3) exercises 
for specialised development and (4) competition exercises. Linked to this, Dynamic 
Correspondence Theory (Goodwin and Cleather, 2016) provides a practical set of 




theory outlines that: (1) joint angular ranges should be similar, (2) weaknesses within the 
system should be highlighted and improved, (3) overload is essential (i.e. move moderate 
loads at high velocities or high loads at similar velocities specific to swimming), (4) 
resistance training should be specific to the time frame of swimming events, (5) resistance 
training should be specific to the contractions performed (e.g. concentric, eccentric, 
isometric, etc.) and (6) exposure to complex interactions such as multi joint movement 
patterns should be similar to movement patterns performed in swimming. Therefore, at the 
forefront of transfer is specificity, which states that adaptations are specific to the nature of 
the training stress applied (Young, 2006). Specificity refers to performing specific 
biomechanical, physiological and psychological training exercises that mimic competition 
demands. However, general development is required to prepare the fundamental 
foundations needed (i.e. biomechanical, physiological and psychological systems) for 
future specific training practices. 
The need for greater specificity within resistance training programmes has been mentioned 
in several studies (Aspenes et al., 2009, Tanaka et al., 1993, Girold et al., 2007, Trappe and 
Pearson, 1994, Manning et al., 1986). Resistance training exercises specific to the muscle 
groups and contraction velocities used in the event may lead to the effective transfer of 
resistance training to swimming performance. Specificity of training implies that 
movements are similar to the specific movement patterns during sport performance, with 
transfer causing an adaptation which in turn results in an improvement in sport performance 
(Gamble, 2006, Young, 2006). Therefore, specificity requires the investigation of temporal 
characteristics across a time series. The literature offers little insight into the biomechanical 
specificity between resistance exercises and swimming performance with the majority of 
the research in athletics (Barnett et al., 1973, Delecluse, 1997, Gamble, 2006, Hawley, 
2008, Stone et al., 2000, Reilly et al., 2009). Gamble (2006) proposed that biomechanical 
specificity involves several components; the range of motion and joint angles of the 
exercises, the velocity of the exercises performed, postural or limb position while 
performing movements and more specifically the muscle activity during the exercise. Stone 
et al. (2000) examined a range of resistance exercises and highlighted that open chain 
exercises may not offer significant movement specificity compared to close chained 
exercises as they recruit a greater number of muscles. In open chained exercises the 
segment furthest away from the body, known as the distal aspect, usually the hand or foot 




distal aspect is fixed to an object (i.e. squats). Furthermore, the relationship between 
unilateral (single limb) and bilateral (both limbs simultaneously) strength within cyclist 
shows greater single leg press values summated versus rowers due to sport specificity 
(Enoka, 1997, Newton and Kraemer, 1994). It is clear biomechanical specificity is 
important to ensure the transfer of resistance exercises to sport performance, however little 
research has investigated temporal characteristics including intra- and inter-muscular 
coordination. 
Specificity is widely established as integral in eliciting sport-specific training stimuli and 
adaptations in athletes. Specificity of training can pertain to biomechanical, physiological 
or psychological specificity (Gamble, 2006). Models developed by Verkhoshansky and Siff 
(2009), Bondarchuk (2007) and Bosch (2015) agree that for most training tasks, a high 
degree of specificity should be present. Unfortunately, it is not always possible to design 
training practices that meet all the guidelines for specificity set out in these models as 
training practices often focus on more global physiological (aerobic and anaerobic 
capacities) and biomechanical (torque, angular velocities) improvements for general 
development purposes. Bosch (2015) recently stated that specificity is imperative for 
transfer to occur, with movement patterns exhibiting similar: (1) intra- and inter-muscular 
co-ordination (i.e. similar joint angle range of movement and force production), (2) 
proprioception (i.e. environment and body awareness) and, (3) magnitude of movement. 
This model highlights the importance of temporal characteristics and investigation of 
specificity of exercises. Furthermore, specificity has been documented within the current 
academic literature (Issurin, 2013, Brearley and Bishop, 2019, Suarez et al., 2019); 
however, the mechanisms of specificity are still unclear. The need for a greater 
understanding of the intra- and inter-muscular co-ordination is clear. Therefore, the use of 
correlation analysis and kinematic similarity is merely not enough to understand the 
specificity relationship.  
The underlining mechanisms of improvement are unknown, with the current academic 
literature suggesting that neuromuscular adaptations are important (Girold et al., 2006, 
Girold et al., 2007). Alterations in the neuromuscular system can enhance strength and 
power development as a result of resistance training (Gabriel et al., 2006). Strength 
improvements have been observed in the absence of an increase in muscle hypertrophy and 




specific biomechanical development (Aagaard, 2003, Gabriel et al., 2006). Neuromuscular 
adaptations refer to both intra- and inter-muscular co-ordination. Intra-muscular co-
ordination refers to the actions within a single muscle and inter-muscular co-ordination 
refers to the interaction of muscles (Suarez et al., 2019). The enhancement in intra-muscular 
co-ordination provides the musculature with the specific and appropriate force generating 
capacities. Resistance training elicits a series of neuromuscular adaptations, including 
improved motor unit recruitment, synchronisation, co-contraction, rate coding, intra and 
inter neuromuscular co-ordination and neural inhibition. Specific adaptations involve 
adaptations of the body’s tissues and organs in response to training stimuli (Haff and 
Triplett, 2015). These adaptations are specific to the type of stimulus or stimuli applied and 
therefore are specific to the action type, movement pattern, magnitude of force production, 
rate of force production, velocity of movement, range of movement, just to name a few.  
The measurement of neuromuscular activations through electromyography (EMG) is 
common practice. EMG can observe muscle activity and quantify the amount of muscle 
activation in both static and dynamic contractions. Knowledge gained from EMG 
measurements contributes to a better understanding of co-ordination, co-activation and 
intensity of activity in muscles and their relative contribution to overall propulsion. The 
investigation of these temporal characteristics can help coaches and athletes to plan better 
training interventions, to focus on a particular cycle phase, train specific muscle groups and 
provide more specific training interventions. EMG reports the action timing of specific 
muscles in various movements (co-ordination, synchronisation, intensity and contribution), 
between muscles, to estimate the force produced by muscles, muscular fatigue during 
exercise and ultimately inform rehabilitation assessment. However, EMG signal can be 
difficult to interpret due to many factors: motor unit size, number of motor units recruited, 
motor unit recruitment strategy, fibre-type (slow twitch versus fast twitch), composition of 
the muscle, instrumentation used to detect the signal and electrode placement (Kamen and 
Caldwell, 1996, Roberts and Gabaldón, 2008). The investigation of muscle activations in 
swimming has been explored, with Martens et al. (2015b) providing an extensive literature 
review on EMG in swimming. Similarly, the investigation of muscle activations in dry-
land resistance exercises has been explored extensively, however little research has 
investigated the similarity of front crawl swimming and dry-land resistance exercises with 




Limited research has investigated EMG specificity of dry-land resistance exercises with 
previous research finding little similarity between front crawl swimming and dry-land 
resistance exercises (Olbrecht and Clarys, 1983). Research by Howard et al. (2017) 
collected muscle activation data during the glide technique in the shot-put exercise and 
provided evidence of muscle activity which can now be used to inform drills and specific 
exercises. Furthermore, previous research from Bolger et al. (2017) investigated the level 
of agreement of muscle activations between maximum velocity sprinting and weighted 
squat jumps. Their findings suggest a lack of specificity between weighted squat jumps and 
maximum velocity sprinting. This was identified through muscle activation thresholds, 
intra-class correlation coefficient, R squared, root mean square difference (RMSD) and 
Bland Altman limits of agreement. This research provides empirical evidence of the muscle 
activation patterns within an exercise and furthermore, the specificity of resistance 
exercises to athletic performance through identifying muscle activation patterns. 
More specifically, research has highlighted key dry-land resistance exercises that positively 
correlate to swimming performance. Garrido et al. (2010a) found the bench press and leg 
extension exercises show a moderate relationship with 25 m and 50 m swimming 
performance tests (r = 0.58 to 0.69). Keiner et al. (2015) suggested that a 1 repetition 
maximum (RM) parallel squat, bench press and bent-over row could be key performance 
indicators for swimming performance. More specifically, the latissimus pull down has 
shown strong correlations to swimming performance (Crowe et al., 1999, Morouço et al., 
2011, Morouço et al., 2014) with EMG data showing that the latissimus dorsi is one of the 
primary muscle groups activated whilst swimming, showing high voluntary muscle 
contractions throughout the four swimming strokes (Martens et al., 2015b). Bishop et al. 
(2013) stated that the back squat and deadlift provide the necessary foundation for 
developing the gluteal complex and quadriceps. Researchers have found a significant 
correlation (r = 0.74) between the 1 RM back squat and 15 m swimming performance (West 
et al., 2011) with pull ups moderately correlated (r = 0.34) with 1 RM latissimus pull down 
but not significantly (p = 0.08) (Halet et al., 2009). However, association does not mean 
causation as association does not account for the transfer of motor skills to swimming 
performance. Additionally, correlation analysis does not account for the underlining 
biomechanical and physiological mechanisms that occur resulting in a positive transfer of 
dry-land resistance exercises to swimming performance. This programme of research will 




land resistance exercises and front crawl swimming across a time series (i.e. concentric 
phase of dry-land resistance exercises and propulsive phase of front crawl swimming). This 
investigation will allow for the assessment of the similarity between dry-land resistance 
exercises and front crawl swimming across a time series. The application of analyses across 
a time series has not been applied to research investigating specificity and will allow for an 
in-depth investigation of areas of similarity and difference between resistance exercises and 
swimming performance. In turn, this analysis will aid practitioners in their selection of 
more specific exercises.  
The development of swimming velocity requires a coherent model that describes the 
muscle actions that can be used to aid the selection of the appropriate dry-land resistance 
exercises. The majority of the current literature focuses primarily on front crawl swimming 
performance. Martens et al. (2015b) found that the main propulsive forces in front crawl 
swimming are produced by the upper body musculature, predominantly the latissimus 
dorsi, pectoralis major, triceps brachii and deltoids. There is a lack of clarity in the existing 
literature with respect to the temporal similarities between dry-land resistance training 
exercises to swimming performance with the majority of research focusing on front crawl 
swimming. Brearley and Bishop (2019) stated that local specificity at a recruitment level 
is important and requires the similarity of intra- and inter-muscular co-ordination, with the 
specificity of velocity and task time-constraints applied. However, limited evidence links 
the temporal similarity of muscle activations of dry-land resistance exercises with the 
specific muscle activations in swimming. Underlying these gaps is a poor understanding of 
the specificity of dry-land resistance exercises with respect to the muscle activation 
temporal characteristics. To address this, the proposed programme of research will 
investigate the similarity of muscle activation temporal characteristics between dry-land 
resistance exercises and front crawl swimming performance.  
1.2 Research Objectives 
This programme of research aims to investigate the similarity of muscle activation temporal 
characteristics between dry-land resistance exercises and front crawl swimming 




1. Review the available literature on the impact of resistance training interventions on 
front crawl swimming performance (Chapter 2) and on surface EMG in front crawl 
swimming and dry-land resistance exercises (Chapter 3). 
2. Investigate the prescription of dry-land resistance training by elite swimming 
strength and conditioning (S&C) coaches (Chapter 4). 
3. Design and implement a method to collect and analyse EMG during front crawl 
swimming and the performance of dry-land resistance exercises (Chapter 5). 
4. Explore the similarity of muscle activations between front crawl swimming 
performance and dry-land resistance exercises (Chapters 6 and 7). 
5. Examine the specificity of muscle activations between front crawl swimming 
performance and dry-land resistance exercises (Chapters 8 and 9). 
1.3 Thesis Overview 
This thesis is divided into ten chapters, with a specific aim within each chapter.  
1.3.1 Chapter 1 - Introduction 
The aim of this chapter is to outline the rationale and background for conducting this 
programme of research. A summary of each chapter is provided as well as the contribution 
of individual chapters to the overall programme of research.  
1.3.2 Chapter 2 - The impact of resistance training on front crawl swimming 
performance: a systematic review 
The aim of this chapter  is to review the available literature on the impact of resistance 
training on swimming performance in competitive swimmers through the investigation of 
resistance training modalities and their impact on both swimming performance and 
biomechanical parameters. Additionally, this chapter provides practical applications on the 
prescription of resistance training to improve swimming performance.  
1.3.3 Chapter 3 - Muscle activation specificity between front crawl swimming and 
dry-land resistance exercises: a literature and method overview 
The aim of this chapter is to focus on the specificity of muscle activations between 
resistance exercises and swimming performance. The previous chapter identified that 




neuromuscular adaptations highlighted as important across the available literature. The 
examination of the neuromuscular system through EMG analysis is important to identify 
prime movers through muscle activations. Therefore, this chapter highlights the specific 
prime movers recruited during dry-land resistance exercises and front crawl swimming. 
This chapter offers an overview of the current EMG literature and greater biomechanical 
insight into the current methods being applied in the field. 
1.3.4 Chapter 4 - Dry-land resistance training practices of elite swimming strength 
and conditioning coaches 
The aim of this chapter is to uncover the training practices and exercises that elite 
swimming S&C coaches prescribe to improve swimming performance. Furthermore, this 
chapter highlights the reasons why coaches prescribe such modalities and where they 
source their S&C knowledge from. The chapter uncovers the gaps within the literature and 
the need for further investigation into the specificity of resistance exercises to swimming 
performance. 
1.3.5 Chapter 5 - EMG pilot testing and method development 
The aim of this chapter is to provide an overview of a series of pilot studies that informed 
the final method applied in the empirical studies that form the basis of this research. This 
chapter acknowledges the technical limitations of recording EMG whilst submerged in 
water and outlines alternative methods to overcome these limitations. The sequential pilot 
studies provide the reader with a clear understanding of the origin of the methods applied 
within this research. 
1.3.6 Chapter 6 - Temporal muscle contraction specificity between front crawl 
swimming and dry-land resistance training exercises 
The aim of this chapter is to outline, through descriptive analysis techniques, the differences 
in specificity between resistance exercises and front crawl swimming from a temporal 
perspective. It was hypothesised that the 5 RM bench press and pull up exercises would be 
significantly different to front crawl swimming. Additionally, the investigation of 
biomechanical parameters, such as SL and SR, and other technical parameters, and their 
relationship to front crawl swimming performance.  This specificity is assessed using 2D 




concentric and propulsive phases and the eccentric and recovery phases. This chapter 
provides an understanding of the lack of specificity present between traditional resistance 
exercises and front crawl swimming performance.  
1.3.7 Chapter 7 - Temporal muscle activation overlap specificity between front crawl 
swimming and dry-land resistance training exercises 
The aim of this chapter is to investigate the temporal muscle activation specificity between 
bench press and pull up exercises and front crawl swimming. It was hypothesised that the 
5 RM bench press and pull up exercises would be significantly different to front crawl 
swimming. However, it was thought that these resistance exercises and front crawl 
swimming would activate similar prime movers between both bench press and front crawl 
swimming and pull up and front crawl swimming. Additionally, this chapter highlights 
large EMG variability across participants, whilst offering a practical application on how to 
increase the specificity of dry-land resistance training. 
1.3.8 Chapter 8 - Waveform analysis of the specificity of dry-land resistance training 
exercises to front crawl swimming performance 
The aim of this chapter is to further investigate the specificity between resistance exercises 
and swimming performance through more sophisticated analyses that compare the 
resistance exercises and front crawl swimming across a time series. It was hypothesised 
that (1) the 5 RM bench press and pull up exercises would be significantly different to front 
crawl swimming and (2) the application of this set of analysis techniques would provide 
researchers with an original and innovative method to examine specificity. This chapter 
identifies that due to the large variability observed, the use of mean EMG curves is not 
appropriate as it does not identify an actual muscle activation. 
1.3.9 Chapter 9 - The individual analysis of the specificity of dry-land resistance 
exercises to front crawl swimming 
The aim of this final empirical chapter is to investigate the specificity of the resistance 
exercises and front crawl swimming on an individual level. It was hypothesised that even 
though there was little similarity between resistance exercises and front crawl swimming 
on a group level, specificity would be uncovered on an individual level. This would be 




in technical execution of resistance exercises and front crawl swimming. This chapter found 
that the measurement of specificity on an individual level is necessary as high levels of 
specificity were found for some of the participants. 
1.3.10 Chapter 10 - Discussion and conclusions 
The aim of this chapter is to provide a critical analysis of the findings of this research study. 
These findings include the dearth of research on elite swimming S&C coaches and the 
variety of resistance exercises applied by coaches. It outlines in detail the level of similarity 
between the bench press, pull up and front crawl swimming performance. Furthermore, it 
highlights the reasons why there is a lack of specificity between these resistance exercises 
and front crawl swimming. It also outlines the primary limitations and practical applications 

















Chapter 2: The Impact of Resistance Training on Front 
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This chapter aims to explore the current and relevant literature exploring resistance training 
for swimming performance. The literature review will highlight the training modalities 
prescribed whilst uncovering the methodological inconsistencies and strength diagnostic 
tests applied. Furthermore, the literature review will explore the impact of resistance 
training on changes in biomechanical parameters (i.e. SL and SR) and provide practical 
applications on the prescription of resistance training for coaches and practitioners alike.  
2.2 Abstract  
There are significant gaps in the literature relating to the transfer and specificity of 
resistance training to swimming performance. The aims of this systematic literature review 
are to (1) explore the transfer of resistance training modalities to swimming performance 
in competitive swimmers and (2) examine the effects of resistance training on key technical 
parameters of swimming performance. Four online databases were searched with the 
following inclusion criteria: (1) journal articles with outcome measures related to 
swimming performance and (2) competitive swimmers participating in a structured 
resistance training programme. Exclusion criteria; (1) participants with mean age < 16 years 
(2) untrained, novice, masters and paraplegic swimmers (3) triathletes and water polo 
players (4) swimmers with injuries or illness and (5) studies focused on starts and turns 
specifically. Data were extracted using the PRISMA (preferred reporting items for 
systematic reviews and meta-analyses guidelines) and the physiotherapy evidence database 
(PEDro) scale was applied. Results showed that specific, low-volume, high velocity and 
high force resistance training programmes are optimal. Stroke length (SL) is best achieved 
through resistance training with low repetitions at a high velocity and high force.  Resisted 
swims are the most appropriate training modality for improving stroke rate (SR). Future 
research is needed with respect to the effects of long-term resistance training interventions 
on technical parameters of swimming and overall swimming performance. Additionally, 






Swimming performance can be defined as the average velocity over a prescribed race 
distance. Swimming velocity is a product of SR and SL (Garrido et al., 2010a), and 
increasing SR (Girold et al., 2006) or SL (Wakayoshi et al., 1995) independently has been 
found to improve swimming performance. It has been suggested that improvements in 
swimming velocity requires programmes including elements of high frequency, duration 
and intensity resulting in high overall training volumes (González-Boto et al., 2008). The 
specific transfer of these improvements is not clear. Resistance training is one such method 
that may improve swimming performance, but this improvement is unknown within the 
current literature. 
Resistance training can be defined as the ability of a given muscle or group of muscles to 
generate muscular force under specific conditions. The benefits of resistance training in 
swimmers have been previously reviewed (Aspenes and Karlsen, 2012, Morouço et al., 
2012) and have been questioned by coaches due to concerns about an increase in muscle 
mass (hypertrophy) or decrease in flexibility which could increase drag forces and 
negatively affect swimming performance. Despite these concerns, resistance training 
programmes are commonly implemented by swimmers (Aspenes et al., 2009, Garrido et 
al., 2010b). Resistance training modalities are intended to overload the muscles used in 
swimming and increase maximal power output. The proposed physiological benefits 
resulting from resistance training are many, but notable benefits include increases in 
phosphagen stores, contractile proteins, anaerobic power output, muscle architecture, fibre 
pennation, protein synthesis, tissue re-modelling and hypertrophy of fast twitch muscle 
fibres (Saltin and Gollnick, 1983, Newton et al., 2011, Haff and Nimphius, 2012, Goodwin 
and Cleather, 2016). Furthermore, resistance training has been found to increase maximum 
strength and therefore increase the RFD (Suchomel et al., 2016). It is widely accepted that 
swimming performance is highly dependent on power and muscular strength (Sharp et al., 
1981, Costill et al., 1986, Tanaka et al., 1993, Tanaka and Swensen, 1998, Girold et al., 
2007) with the latter identified as a major determinant of success in competitive swimming 
(Trappe and Pearson, 1994). Upper body strength specifically is imperative in swimming 
as the majority of propulsive forces (Smith et al., 2002, Toussaint and Beek, 1992, 
Hollander et al., 1988) and swimming velocity (Hollander et al., 1988, Bucher, 1975, 




Previous research (Smith et al., 2002) has also found strong correlations (r = 0.93) between 
upper body strength and swimming performance.  
These points aside, there are key gaps in the scientific literature on swimming concerning 
the effectiveness of resistance training programmes in improving swimming performance.  
Furthermore, it is not understood whether or how these effects transfer to improve 
swimming performance. Consequently, the aims of this systematic literature review are (1) 
to explore the transfer of resistance training modalities to swimming performance in 
competitive swimmers and (2) to examine the effects of resistance training on key technical 
parameters of swimming performance. 
2.4 Methods 
2.4.1 Research Approach 
MEDLINE, PubMed, SPORTDiscus and Web of Science online databases were searched 
using specific search terms (swimming) AND (strength, resistance, power, cross-training) 
AND (humans) NOT (water polo, triathlon) for the period from January 1988 up to and 
including January 2019. Search terms were modified accordingly to fit the requirements or 
nuances of the databases used.  
2.4.2 Study Criteria 
Studies were included in this systematic review if they met the following criteria: (1) 
journal articles with outcome measures related to swimming performance (2) competitive, 
regional, national or elite level swimmers engaged in a structured resistance and swimming 
training programme and (3) where resistance training modalities using traditional 
approaches as well as other novel approaches where additional resistance is applied. 
Exclusion criteria were: (1) participants with a mean age ≤ 16 year (2) untrained, novice, 
masters and paraplegic swimmers (3) triathletes and water polo players (4) swimmers with 
injuries or illnesses and (5) studies focusing on starts and turns.  
2.4.3 Study Selection 
Data were extracted using the Preferred Reporting Items for Systematic Reviews 




hierarchy of assessment whereby studies were firstly assessed by journal title (and 
duplicates removed), secondly by abstract and thirdly by full article review, when the 
journal article was either included or excluded based on the inclusion and exclusion criteria.  
 
Figure 1: Schematic representation of the data extraction protocol using PRISMA 
guidelines. 
2.4.4 PEDro  
The PEDro scale (Maher et al., 2003) was used to rate the quality of the literature. The 
PEDro scale consists of 11 items related to scientific rigor including: eligibility criteria, 
random allocation strategy, concealed allocation, follow-up comparison, baseline 
comparison, blinding of participants, therapists and assessors, intention to treat, between-
group analysis, and both point and variability measures. The scale gives 1 point if the study 
satisfies the criteria and 0 points if not. Studies scoring 9-10 on the PEDro scale are 




scoring 4-5 are fair and those scoring < 4 are considered methodologically poor. All studies 
were scored according to this scale by the principal investigator (EC). 
2.5 Results 
From the 14 papers identified (figure 1) 10 examined dry-land resistance training and 4 
examined swim specific resistance training methods. The dry-land resistance training group 
was divided into 3 sub groups: (1) biokinetic swim bench (Roberts et al., 1991); (2) 
traditional resistance training (Aspenes et al., 2009, Tanaka et al., 1993, Girold et al., 2007, 
Girold et al., 2012, Trappe and Pearson, 1994, Song et al., 2009, Manning et al., 1986, 
Strass, 1988) and (3) core training (Weston et al., 2015). The swim specific resistance 
training group included: resistive band training (Girold et al., 2006), arms only training 
(Konstantaki et al., 2008), drag suit training (Dragunas et al., 2012) and measurement of 
active drag (MAD) device system (Toussaint and Vervoorn, 1990).  
Table 1 shows the weekly training programme, competition level of swimmers, number of 
participants, sex, age and anthropometric characteristics, PEDro scale scores, control and 
resistance training sample size and strength and swimming performance tests. PEDro 
scores for all studies reviewed ranging from 4 (Tanaka et al., 1993, Song et al., 2009, Strass, 
1988) to 7 (Girold et al., 2006, Weston et al., 2015, Konstantaki et al., 2008). Notably, 50 
% of the studies did not randomly allocate participants to groups (Aspenes et al., 2009, 
Tanaka et al., 1993, Trappe and Pearson, 1994, Song et al., 2009, Konstantaki et al., 2008, 
Weston et al., 2015, Toussaint and Vervoorn, 1990). Other studies (Tanaka et al., 1993, 
Song et al., 2009, Manning et al., 1986) did not assign a control group. Table 2 shows the 
specific resistance training programmes, baseline and post intervention results with respect 
to the relevant strength tests, SL, SR and swimming performance.  
The implementation of various resistance training interventions showed improvements in 
SL, SR and swimming performance. A significant (p < 0.05) increase in SL and swimming 
performance was observed within the traditional resistance training group (Strass, 1988, 
Girold et al., 2012) and a significant (p < 0.05) increase in SR and swimming performance 
was also observed within the traditional resistance training group (Aspenes et al., 2009, 
Strass, 1988). Girold et al. (2006) found a significant (p < 0.05) increase in SR and 100 m 
swimming performance. Weston et al. (2015) found large improvements in 50 m swimming 
performance in the core training group.  Dragunas et al. (2012) found a small effect (p < 




group.  There was a trivial effect (p < 0.001) on SL and small effects (p < 0.05) on both SR 
and 50 m swimming performance in the control group. 
Several method-related issues were apparent, including the absence of control groups (Song 
et al., 2009, Manning et al., 1986), a lack of randomised control trials (Aspenes et al., 2009, 
Tanaka et al., 1993, Trappe and Pearson, 1994, Song et al., 2009, Manning et al., 1986, 
Strass, 1988, Weston et al., 2015, Toussaint and Vervoorn, 1990), sex bias (Tanaka et al., 
1993, Trappe and Pearson, 1994, Roberts et al., 1991, Song et al., 2009, Manning et al., 
1986, Konstantaki et al., 2008) with more specific method-related issues requiring greater 
attention. Intervention durations ranged from 3 (Girold et al., 2006) to 24 weeks (Song et 
al., 2009). Low participant numbers were also a feature of the included studies ranging 
from 7 (Manning et al., 1986) to 37 (Girold et al., 2006). A range of statistical analysis 
methods were used including significance levels, effect sizes and confidence intervals. 
Different timing systems were used across the reviewed studies with some using 
stopwatches (Trappe and Pearson, 1994, Weston et al., 2015, Dragunas et al., 2012), others 
electronic timing systems (Roberts et al., 1991, Song et al., 2009, Manning et al., 1986, 
Toussaint and Vervoorn, 1990) and several studies not specifying how the timing data were 
collected (Girold et al., 2006, Aspenes et al., 2009, Tanaka et al., 1993, Girold et al., 2007, 
Konstantaki et al., 2008, Girold et al., 2012). Different pool lengths were used in the studies 
reviewed including 25 m pools (Girold et al., 2006, Aspenes et al., 2009, Girold et al., 2007, 
Girold et al., 2012), 22.9 m pools (Tanaka et al., 1993, Trappe and Pearson, 1994, Roberts 
et al., 1991, Manning et al., 1986, Konstantaki et al., 2008) and 50 m pools (Song et al., 
2009, Weston et al., 2015, Toussaint and Beek, 1992) and in some cases the pool size was 
not stated (Strass, 1988, Dragunas et al., 2012). 
A range of strength assessment tools were used to monitor the changes in strength across 
the reviewed studies. Many studies (Girold et al., 2006, Girold et al., 2012, Girold et al., 
2007, Roberts et al., 1991, Manning et al., 1986) used an isokinetic dynamometer to 
measure arm extensor and flexor strength at different angular velocities, including 
concentric, eccentric and isometric contractions. Other methods used to quantify changes 
in strength included bilateral shoulder extension (Aspenes et al., 2009), a straight arm pull 
down test (Weston et al., 2015) and a shoulder extension test (Manning et al., 1986). 
Swimming specific strength assessment tools such as the biokinetic swim bench (Tanaka 
et al., 1993, Roberts et al., 1991), MAD-device (Toussaint and Vervoorn, 1990) and 





















Strength test a Swim test a 





3/wk RT  
Collegiate 16 M 
 
19.1 ± 2.1 yr;  
1.83 ± 0.76 m;  
75.67 ± 10.06 kg 
5 8 8 Biokinetic swim bench test 
Isokinetic dynamometer 
91.44 m front crawl swim 
(mock meet) 
 
Traditional resistance training 
Girold et al. 
(2012) 
4 weeks 
10/wk swim (2hr) 
3/wk RT 
National  12 M  
12 F 
21.8 ± 3.9 yr;  
1.74 ± 0.08 m;  
66 ± 9 kg 
6 8  
 












17.8 ± 3.9 yr; 1.79 ± 0.79 m;  
67.6 ± 9.1 kg  
RT group: 
16.6 ± 1.2 yr; 1.78 ± 0.72 m; 65.2 
± 9.4 kg 
3 10 9 Isometric barbell arm 
extension 
25 m front crawl swim 






5,600 m/day swim 
2/wk RT 
Collegiate  10 M 
 
20.1 ± 1.2 yr; 1.83 ±.26 m;  
76.5 ± 2.8 kg 
 
6 5 5 Biokinetic swim bench 
Swim power (tethered 
isokinetic device) 
 
22.9 m front crawl swim  




≥ 6/wk swim 
2/wk RT 
Competitive 8 M 
12 F 
 
Control group 15.9 ± 1.1 yr   
1.73 ± 0.06 m; 58.3 ± 6.6 kg  
RT group: 
17.5 ± 2.9 yr; 1.71 ± 0.09 m; 58.9 
± 10.2 kg 
6 11 9 Tethered swim  
Bilateral shoulder extension 
50 m front crawl swim 
100 m front crawl swim 
400 m front crawl swim 
 





Regional/national  10 M 
11 F 
Control group: 
16.5 ± 1.5 yr; 1.71 ± 0.11 m;  
62 ± 4 kg  
RT group: 
16.5 ± 2.5 yr; 1.71 ± 0.09 m;  
64 ± 8 kg. 
6 7 
(7 in  
assisted 
group) 







Collegiate 24 M 
 
Control group:  
19.5 ± 0.26 yr; 182.5 ± 2.12 m; 
76.39 ± 2.16 kg 
RT group: 19.17 ± 0.32 yr;  
1.81 ± 1.47 m; 77.05 ± 1.93 kg. 
 5 12 12 Biokinetic swim bench  
22.9 m tethered front crawl 
swim 
 









7 M Control group: 
Not reported 
RT group: 
16.49 ± 0.81 yr; 1.79 ± 0.51 m; 
70.5 ± 4.12 kg 
4 7 No 
control 
Isokinetic dynamometer  
One minute ergometer 
Standing long jump  
22.9 m front crawl swim 
91.44 m front crawl swim 
182.88 m front crawl swim 





2 - 4/wk RT 
National  10 M 
 
16 - 23 yr; 
1.72 - 1.89 m; 
67.5 - 87.5 kg 
4 10 No 
control 
Maximum isometric (lower 






Maximum isotonic (power 
clean, bench press, dead lift 
and squat strength) 
50 m run 
Basketball throw 








National 10 M 
10 F 
 
Control group: 16.7 ± 0.2 yr;  
1.7 ± 0.03 m; 63 ± 3 kg 
RT group:  
15.7 ± 1.2 yr; 1.72 ± 0.06 m;  
63 ± 5 kg 
7 10 10 Straight arm pull down 
Timed prone bridge 
 
50 m front crawl swim 
 
Swim specific resistance training 
Girold et al. 
(2006) 
3 weeks 






16.5 ± 3 yr;  
1.71 ± 0.13 m;  





11 Isokinetic dynamometer 100 m front crawl swim 
Konstantaki 
et al. (2008) 
6 weeks 







Control group:  
16 ± 3 yr; 1.75 ± 0.05 m;  
72 ± 8 kg  
RT group:  
16 ± 3 yr; 1.75 ± 0.05 m;  
72 ± 8 kg 
7 8 7 186 m arms only front crawl 
swim 
 











Control group: 19.0 ± 1.8 yr 
RT group:  
19.3 ± 0.87 yr 






8/wk swim (1.5 hrs 
and 4.5 km/swim 
session) 









18.5 ± 3.3 yr; 1.78 ± 0.08 m;  
69.2 ± 7.8 kg 
RT group: 
18.4 ± 2.1 yr; 1.79 ± 0.07 m;  
72.3 ± 8 kg 
6 11 11 MAD - device 25 m front crawl swim 
50 m front crawl swim 
 
Male (M); Female (F); Years (yr); Kilograms (kg); Metres (m); Hours (hrs); Kilometres (km); Weeks (wk); Metres (m); Resistance training (RT); Per week ( /wk); Per day ( /day); Physiotherapy evidence database 
scale (PEDro); Measurement of active drag (MAD); Standard deviation (SD). 













Table 2: Summary of resistance training programme, relevant strength tests, technical parameters (SL, SR) and swimming performance 
results. 






Biokinetic swim bench training 
Roberts et al. 
(1991) 
Biokinetic swim bench; 
 (4 × 10 sec max) × 4; rest 30 sec 
Control group: 
No significant difference 
RT group: 
No significant difference 
Control group: (m) 
1.77 ± 0.14 to 1.79 ± 0.12 
RT group: (m) 
1.87 ± 0.37 to 1.9 ± 0.31 
Control group: (5 strokes.min-1) 
62.6 ± 4.6 to 61.0 ± 3.9 
RT group: (5 strokes.min-1) 
60.3 ± 5.2 to 58.3 ± 8.2 
Control group:  
91.44 m: 1.83 ± 0.04 to 1.81 ± 0.04  
RT group: 
91.44 m: 1.76 ± 0.08 to 1.81 ± 0.06 
Traditional resistance training 
Girold et al. 
(2012) 
Strength: 3 sets, 6 reps; pull ups, latissimus 
pull downs, swim bench latissimus pull 
downs; rest 2 min; 80 – 90 % 1 RM 
Control group: 
No significant difference 
RT group: 
Extensors - concentric  
(60º.s-1): 11.2 ± 13.6 * 
Extensors – concentric  
(180 º.s-1): 16.9 ± 11.7 * 
Control group: (m) 
2.08 ± 0.03 to 2.10 ± 0.02 
RT group: (m) 
2.05 ± 0.01 to 2.11 ± 0.01 * 
Control group: (cycle.min-1) 
53.5 ± 2.4 to 53.9 ± 2.3 
RT group: (cycle.min-1) 




50 m: 2 ± 1.3 % * 
Strass (1988) Training the arm extensor muscles using a 
barbell (80 - 90 %): 
3 reps × 3 at 90 %; 2 reps × 3 at 95 %; 1 
reps × 1 at 100 % 
Assisted exercises for the arm flexors and 




Max arm extension force (N): 
354 ± 62 to 396 ± 61 **  
RFD (N.s-1):  
4.01 ± 0.8 to 4.96 ± 1.2 **   
Control group: (m) 
Not reported 
RT group: (m) 
25 m: 
2.01 ± 0.24 to 2.16 ± 0.26 
** 
50 m: 
1.88 ± 0.1 to 2.01 ± 0.24 ** 
Control group: (cycle.min-1) 
Not reported 
RT group: (cycle.min-1) 
25 m 
55 ± 4 to 53.5 ± 3.4 * 
50 m: 




25 m: 1.83 ± 0.1 to 1.91 ± 0.1 **  
50 m: 1.77 ± 0.08 to 1.81 ± 0.08 **  
 
Aspenes et al. 
(2009) 
5 reps × 3; latissimus pull downs 
Swimming: 4 × 4 min front crawl high 
intensity;  
rest 3 min active; 90 – 95 % and 60 – 75 % 
respectively  
Control group: 
Bilateral shoulder extension: 
277.9 ± 44.2 to 310.7 ± 56.2 * 
Tethered Swim: 
114.4 ± 17.3 to 118.1 ± 18.3 
RT group: 
Bilateral shoulder extension: 
318.8 ± 89.8 to 383.5 ± 89.3 
** 
Tethered Swim: 
124.9 ± 23.2 to 133.5 ± 21.9 
** 
Control group: (m) 
1.74 ± 0.3 to 1.80 ± 0.15 
RT group: (m) 
1.68 ± 0.17 to 1.73 ± 0.16 
Control group: (hertz) 
0.885 ± 0.078 to 0.872 ± 0.078 
RT group: (hertz) 
0.953 ± 0.090 to 0.930 ± 0.074 
 
Control group: 
50 m: 1.69 ± 0.1 to 1.71 ± 0.1 c  
100 m: 1.54 ± 0.1 to 1.56 ± 0.12 c 
400 m: 1.38 ± 0.08 to 1.38 ± 0.08 c 
RT group: 
50 m: 1.73 ± 0.12 to 1.75 ± 0.11 c 
100 m: 1.59 ± 0.1 to 1.61 ± 0.1 c 
400 m: 1.38 ± 0.16 to 1.4 ± 0.08 c *   
 
Girold et al. 
(2007) 
Dry - land: 6 reps × 3; bench press, pull up, 
barbell draws, squats, plyometrics;  
80 – 90 %; rest 2 min  
Control: 1 × (run/cycle) (60 – 70 %) 
Control group: 
Extensors – (180º.s-1): 
15.7 ± 10.6 * 
RT Group: 
Extensors – isometric: 
45.5 ± 38.7 * 
Extensors - concentric  
(60º.s-1): 33.7 ± 27.6 * 
Extensors – (180º.s-1): 
35.2 ± 31.9 * 
Control group: (m) 
1.56 ± 0.09 to 1.56 ± 0.08 
RT group: (m) 
1.61 ± 0.11 to 1.59 ± 0.09 
Control group: (cycle.min-1) 
 47.8 ± 3.7 to 48.7 ± 3.7 * 
RT group: (cycle.min-1) 
 48.9 ± 4.98 to 50.7 ± 3.71 
Control group: 
50 m: 0.9 ± 1.2 % 
RT group: 





Flexors – isometric: 




Weight assisted group: dips and pull ups, 
until failure. Set 1; no weight. Set 2; 13.6 
kg. Set 3; 22.7 kg 
Traditional weight lifting group: Latissimus 
pull downs, elbow extension and flexion, 
bent arm fly, quadriceps extensions, 
hamstring flexion. 8 - 12 reps; 3 
sets/exercise 
Weighted assisted group: 
Pull ups: 
0 kg: 9.6 ± 2.6 to 16 ± 2.6  
(66.7 %) 
13.6 kg: 9.2 ± 0.7 to 26.3 ± 5.6 
(185.8 %) 
22.7 kg: 12 ± 1.1 to 62.5 ± 6 
(420.8%) 
Triceps dips: 
0 kg: 20.2 ± 3.8 to 41 ± 6.9 
(102.9 %) 
13.6 kg: 12.6 ± 1.5 to 40 ± 3.1 
(217.5 %) 
22.7 kg: 14.4 ± 2 to 80.5 ± 4.2 
(459 %) 
No statistical significance 
reported 
Biokinetic swim bench not 
reported * 
Traditional weight training 
group: 
Not reported 
Weeks 4 - 12 
Weighted assisted group: 
(m) 
2.09 ± 0.05 to 2.17 ± 0.07 
Traditional weight training 
group: (m) 
2.24 ± 0.17 to 2.24 ± 0.12 
Weeks 4 – 12 
Weighted assisted group: 
(time to complete 4 stroke 
cycles) 
5.83 ± 0.14 to 5.84 ± 0.25  
Traditional weight training 
group: (time to complete 4 
stroke cycles) 
6.29 ± 0.67 to 6.01 ± 0.36 
(Time to complete 4 stroke 
cycles) 
Weighted assisted group: 
22.9 m: 2.04 ± 0.01 to 2.1 ± 0.05 * 
365.8 m: 1.43 ± 0.02 to 1.49 ± 0.01 * c 
Traditional weight training group: 
22.9 m: Not reported 
365.8 m: 1.43 ± 0.3 to 1.49 ± 0.02 * c 
 
Tanaka et al. 
(1993) 
8 - 12 reps; 3 sets; triceps dips, pull ups, 
latissimus pull downs, triceps extensions, 
bent over fly  
Control group: 
Biokinetic swim bench test:  
Not reported * 
22.9 m tethered fc swim:  
Not reported * 
RT group: 
Biokinetic swim bench test:  
No values reported * 
22.9 m tethered front crawl 
swim:  
Not reported * 





22.9 m fc: no values reported * 
RT group: 






Circuit; 1 min on and rest 30 sec  
Wks 1 - 3: 30 %; Wks 4 - 6: 40 %;  
Wks 7-  9: 50 % 1 RM 
Exercises: leg extension, bench press, sit 
ups with weight, shoulder press, skipping, 
latissimus pull down, leg flexion, arm curl, 




Plantar and dorsiflexion: 
R: 17.21 ± 78.03 to 16.99 ± 
120.15 * 
L: 21.98 ± 82.71 to 16.87 ± 
125.65 * 
Knee extension and flexion: 
R: 116.57 ± 610.77 to 111.8 ± 
736.48 * 









22.9 m: 0.95 ± 0.03 to 0.99 ± 0.04 c  
91.44 m: 1.81 ± 0.35 to 1.82 ± 0.2 c 




Shoulder extension and 
flexion: 
R: 68.08 ± 334.99 to 65.18 ± 
427.49 * 
L:70.55 ± 332.55 to 55.83 ± 
431.52 *  
Ergometer (rev.min-1): 146.83 
± 10.4 to 167.33 ± 16.95 * 
Song et al. 
(2009) 
Adaptation phase:  
11 exercises; 10 - 12 reps × 3, 40 - 70 %, 4 
weeks, 4/wk; max strength phase: 9 
exercises; 3 - 7 reps × 4 - 5,  
85 - 100 %, 4/wk; power endurance phase: 6 
exercises 7 - 10 × 3, 70 – 80 %, 2/wk 
RT group: 
Lower back strength:  
1.4 - 17.3 % * 
Grip strength:  
Dominant arm:  
7.3 - 8.3 % ** 
Non-dominant arm:  
5.9 - 6.7 % * 
Ball throw:  
5.7 - 9.7 % **  
Sargent jump:  
8.6 - 11.6 % ** 
Standing long jump: 
2.2 - 5 % * 
Not recorded Not recorded Mean improvement: 
(+) 1.3 % 
Range: 
(-) 6.9 % to (+) 4.2 % 
(P-value not reported) 
Core training 
Weston et al. 
(2015) 
Prone bridge and side bridge: 
(30 sec (wk 1 - 2), 60 sec (wk 3 - 4), 90 sec 
(wk 5 - 8), 120 sec (wk 9 - 12))  
Straight leg raises and bird dog: (10 reps 
(wk 1 - 2) 15 (wk 3 - 4), 20 (wk 5 - 6), 25 
(wk 7 - 10), 30 (wk 11 - 12)) 
Overhead squat and sit twist (+ 5 reps wk 1 
-4): (10 (3 kg) (wk 1 - 2), 10 (4 kg) (wk 3 - 
4), 15 (5 kg) (wk 5 - 6), 20 (6 kg) (wk 7 - 8), 
20 (7 kg) (wk 9 - 10), 25 (7 kg)) 
Shoulder press: (10 reps (wk 1 - 4), 15 (wk 
5 - 6), 20 (wk 7 - 10), 25 (wk 11 - 12)) 
Control group: 
Straight arm pull down: 
 (+) 2.5; -2.9 to 8.1. 
Prone bridge:  
(+) 4.7; 0.2 to 9.3 
RT group: 
Straight arm pull down: 
(+) 26.2; 19.6 to 33.1  
Prone bridge:  
(+) 14.1; 9.2 to 19.2 
Not recorded Not recorded 50 m front crawl swim:  
90 % confidence interval 
Control group: 
50 m: 0.7 %; 1.6 to 0.2  
Intervention group: 
50 m: 2.7 %; 4.2 to 1.1 (large) 
 
Swim specific resistance training 
Girold et al. 
(2006) 
Resisted bands: 
RS: 6 × 30 sec max fc rest 30 sec  
Control: 6 × 50 m max fc 
Control group: 
Flexors – isometric: 
15.5 ± 16.8 * 
RT Group: 
Flexors – concentric  
(60º. s-1): 8.6 ± 9.1 * 
Flexors – concentric  
(180 º. s1): 14 ± 15.3 * 
Extensors – isometric: 
 31.5 ± 24.9 * 
Control group: (m.min-1) 
1.95 ± 0.2 to 2.01 ± 0.19 
RT group: (m.min-1) 
2.03 ± 0.18 to 2.01 ± 0.18 
Control group: (cycle.min-1) 
43.5 ± 4.92 to 42.2 ± 3.56 
RT group: (cycle.min-1) 
42.32 ± 4.98 to 43.01 ± 3.91 * 
Control group:  
100 m: 1.47 ± 0.13 to 1.46 ± 0.13 c 
RT group: 
100 m: 1.48 ± 0.1 to 1.51 ± 0.09 * c 
Konstantaki 
et al. (2008) 
Arms only: Control group:  
(1.6 ± 0.5 %) 
Not recorded Not recorded Control group: 




Elastic band around ankles and pull buoy in 
between upper leg  
1,333 m arms only  
RT group 
(14.02 ± 3.6 %) * 
RT group: 




Set 1: 3 × 22.9 m sprint + 182.8 m submax 
swim 
Set 2: 4 × 22.9 m sprints + 30 sec interval + 
182.8 m submax swim. 
Set 3: 16 × 25 m sprints + 1 min interval 





Control group: (m) 
SE = 0.015 
Effect size = 0.133 (trivial) 
*** 
RT group: (m) 
SE = 0.017 
Effect size = 0.333 (small) 
* 
Control group: (strokes/min) 
SE = 0.652 
Effect size = 0.226 (small) * 
RT group: (stroke/min) 
SE = 0.652 
Effect size = 0.195 (trivial) 
Control group: 
50 m: Effect size = 0.265 (small) * 
RT group: 






20 × 23 m lengths; every 35 sec: 1 length 
sprinting on the POP, the other swimming 
back slowly 
10 × 23 m lengths kicking 
6 × 23 m lengths; every 110 sec: 3 × (1 
length sprint on POP, 1 length butterfly) 
Control group: 
Power (W): 
143.4 ± 39.4 to 142.5 ± 39 
Force (N): 
82.8 ± 18.7 to 80.9 ± 17.5 
RT group: 
Power (W): 
160.4 ± 43.0 to 171 ± 51.3 * 
Force (N): 
91 ± 19.7 to 94 ± 22.7 *** 
Not recorded Not recorded Control group: 
25 m: 1.88 ± 0.11 to 1.89 ± 0.11 c 
50 m: 1.74 ± 0.1 to 1.74 ± 0.09 c 
RT group: 
25 m: 1.9 ± 0.13 to 1.92 ± 1.11 c 
50 m: 1.75 ± 0.1 to 1.77 ± 0.1 c 
Kilograms (kg); Minutes (min); Per week (/wk); Metres (m); Seconds (sec); Metres per second (m.s
-1
); Degrees per second (º.s
-1
); Revolutions per minute (rev.min
-1
); Newtons (N); Newtons per second (N.s
-1
); 
Watts (W); Standard error (SE); Multiple (×); Increase in time (-); Decrease in time (+);  Resistance training (RT); RM (RM); Repetitions (reps); Maximum (max); Sub maximum (submax); Sessions per week ( 
/wk); Sets per exercise (sets/exercise); Right (R); Left (L); POP (push off pads); P<0.05 (*); P<0.01 (**); P<0.001 (***). 
a; In the interest of brevity, only significant p - values and effect sizes (where reported) are shown. 
b; In the interest of brevity, swimming performance is reported in metres per second.  





The aims of this systematic literature review were to (1) explore the transfer of resistance 
training modalities to swimming performance in competitive swimmers and (2) examine 
the effects of resistance training on key technical parameters of swimming performance. 
The review has highlighted a range of method-related considerations and strength 
diagnostic tests across all the training modalities within this review. The training 
modalities highlighted are divided into two groups: dry-land resistance training and swim 
specific resistance training. Furthermore, the key biomechanical parameters and the 
effects of concurrent training between resistance training and swimming performance 
have been documented to outline the mechanisms involved. 
2.6.1 Method-related Considerations 
There were important method-related inconsistencies that needed consideration when 
critically evaluating the findings of this systematic review.  Common method-related 
considerations focus on the lack of control groups (Song et al., 2009, Manning et al., 
1986), a lack of randomised control trials (Aspenes et al., 2009, Tanaka et al., 1993, 
Trappe and Pearson, 1994, Song et al., 2009, Manning et al., 1986, Strass, 1988, Weston 
et al., 2015, Toussaint and Vervoorn, 1990), sex bias (Tanaka et al., 1993, Trappe and 
Pearson, 1994, Roberts et al., 1991, Song et al., 2009, Manning et al., 1986, Konstantaki 
et al., 2008) with more specific method-related issues requiring greater attention. To 
begin with, interventions included in this review varied in duration from 3 (Girold et al., 
2006) to 24 weeks (Song et al., 2009) with most studies lasting 3-12 weeks. The greater 
the duration of the intervention, the greater the probability of a significant adaptation 
occurring. Participant numbers also ranged from 7 (Manning et al., 1986) to 37 (Girold 
et al., 2006). Low participant numbers specifically, reduced the statistical power of the 
studies and so the merits of such studies needed to be evaluated in this context. In terms 
of statistical reporting, the use of significance levels, effect sizes and confidence levels 
were inconsistent, with more recent research (e.g. Weston et al. (2015)) employing effect 
sizes and confidence intervals. It is important to note that athlete’s initial training status 
would affect the range of improvement with more elite performers showing a smaller 
improvement. Therefore, effect sizes are becoming a more popular and relevant statistic 
for analysis of performance data. Different timing systems were used across the reviewed 




Dragunas et al., 2012), others electronic timing systems (Roberts et al., 1991, Song et al., 
2009, Manning et al., 1986, Toussaint and Vervoorn, 1990) and several studies not 
specifying how the timing data were collected (Girold et al., 2006, Aspenes et al., 2009, 
Tanaka et al., 1993, Girold et al., 2007, Girold et al., 2012, Konstantaki et al., 2008). The 
stopwatch has been shown to produce faster times (0.04-0.24) than electronic timing 
systems (Fry and Kraemer, 1991, Hetzler et al., 2008) and would be deemed an unreliable 
method for collecting data in a number of sports/contexts. Finally, the different types of 
pools in the studies reviewed made it hard to determine whether increases in swimming 
performance were due to an increase in swimming velocity or an increase in ground 
reaction forces whilst turning and diving. Within this review, some studies used 25 m 
pools (Girold et al., 2006, Aspenes et al., 2009, Girold et al., 2012, Girold et al., 2007), 
others used 22.9 m pools (Tanaka et al., 1993, Trappe and Pearson, 1994, Roberts et al., 
1991, Manning et al., 1986, Konstantaki et al., 2008) as well as 50 m pools (Song et al., 
2009, Weston et al., 2015, Toussaint and Vervoorn, 1990). The pool size was not stated 
in some of the reviewed studies (Strass, 1988, Dragunas et al., 2012). These method-
related differences are important when interpreting the findings of these studies.  
2.6.2 Strength Diagnostics 
A range of resistance training interventions were considered within this review. To assess 
the effectiveness of these, valid and reliable strength tests are required to monitor changes 
in performance following the interventions. Pichon et al. (1995) stated that strength tests 
need to be specific to the movement pattern of swimming. Newton et al. (2011) 
emphasised the importance of assessing multi joint exercises in strength testing rather 
than isolated exercises, since multi joint exercises represent the coordinated effort, 
whereas isolated exercises may lack validity as they do not examine the overall force 
generation capabilities.  
For strength assessment, many studies have used the isokinetic dynamometer (Girold et 
al., 2006, Girold et al., 2012, Girold et al., 2007, Roberts et al., 1991, Manning et al., 
1986) and tested arm extensor and flexor strength at different angular velocities. Although 
arm extension is very applicable to front crawl swimming, this test lacks specificity of 
the multi joint movements and changes in velocities throughout the propulsive phase that 
occur in front crawl swimming. Isometric testing using the isokinetic dynamometer 




(Maglischo et al., 1985). Isometric testing however, whilst it does not mimic the dynamic 
nature of swimming, has been shown to have a strong relationship (r = 0.61–0.72) with 
dynamic strength performance (McGuigan and Winchester, 2008). It is, however, clear 
that isometric testing has the ability to examine maximum force at specific stroke phases 
and therefore may be a useful strength assessment tool for swimming coaches and 
practitioners. However, previous research from Baker et al. (1994) demonstrates that 
different mechanisms that exist for the improvement in dynamic and isometric strength 
through specific training adaptations.  Other studies have used more specific dynamic 
methods to measure maximal strength including shoulder extension, as this is important 
in the propulsive phase of front crawl swimming. Of particular note, Aspenes et al. (2009) 
assessed bilateral shoulder extension strength by means of a cable cross - over apparatus 
from a starting position of 170 ± 10° of shoulder flexion, Weston et al. (2015) conducted 
a straight arm pull down test and Manning et al. (1986) conducted a shoulder extension 
test. Biokinetic swim bench (Tanaka et al., 1993, Roberts et al., 1991), MAD-device 
(Toussaint and Vervoorn, 1990) and tethered swimming (Aspenes et al., 2009) are three 
other methods that are deemed specific to swimming performance. Tethered swimming 
has been shown to be similar to front crawl swimming in terms of muscle activation 
(Bollens et al., 1988) and propulsive forces (r = 0.92, p < 0.01) (Morouço et al., 2011). 
This may be a useful tool to monitor the transfer of resistance training exercises to 
swimming performance. 
2.6.3 Dry-land Resistance Training Modalities 
2.6.3.1 Biokinetic Swim Bench Training 
The biokinetic swim bench is posited to mimic swimming performance without the use 
of the lower extremities (Sharp et al., 1981). The swimmer lies prone on a sliding bench 
with a slight incline, arms outstretched over his/her head and hands secured in hand 
paddles. The swimmer is then able to pull along the sliding bench and therefore mimic 
the kinematics of front crawl swimming. Insufficient elbow control during this movement 
can generate inaccurate findings (Strass, 1988) and this is an important limitation that 
needs attention. The maximal power produced on the swim bench has been shown to have 
a strong relationship (r = 0.92) with swimming velocity in semi-tethered conditions 
(Shimonagata et al., 2003), however, the biokinetic swim bench still lacks specificity, as 




joint angles is not similar to swimming in water (Clarys, 1985). Tanaka et al (1993) used 
the biokinetic swim bench to monitor strength improvements from a traditional resistance 
training programme. Despite finding no significant improvement in maximal power 
produced on the biokinetic swim bench, significant (p < 0.05) improvements in swimming 
performance were observed. This highlights the necessity for specificity when choosing 
resistance training exercises. 
Roberts et al. (1991) designed an intervention with high velocity swim training and 
biokinetic swim bench training sessions performed 3 times weekly in a 22.9 m pool. It is 
important to note that pool length and the inclusion of all male participants affects the 
practical applications of this study. The results showed that swimming performance in 
both the control group and the biokinetic swim bench group did not improve. This may 
be due to the intervention group being more fatigued because of the biokinetic swim 
bench intervention period, compared to the control group. Because of the limited research 
and conflicting results, it is hard to determine the transfer of the biokinetic swim bench 
training to swimming performance. Lack of improvement may be due to the increased 
stability provided by lying on a stable surface compared to the relative instability of the 
water and cannot replicate the drag propulsion relationship on land. The biokinetic swim 
bench lacks specificity and does not transfer to significantly improve swimming 
performance. This highlights the need for caution when selecting or designing training 
tasks based on visual kinematic similarities. 
2.6.3.2 Traditional Resistance Training 
Traditional resistance training is widely used in many sports and involves conventional 
gym based resistance training exercises such as bench press, latissimus pull downs, 
triceps extensions, triceps dips, bent arm flies, pull ups, squats, just to name a few. Low 
volume, high velocity and force resistance training programmes resulted in significant 
improvements in swimming performance. Trappe and Pearson (1994) found that a 
resistance training programme for 6 weeks resulted in a significant improvement in 22.9 
m front crawl sprint performance. Girold et al. (2012) found a 2 % increase in 50 m 
performance in a resistance training group, which is similar to the 2.1 % increase reported 
by Strass (1988) and 2.8 % increase reported by Girold et al. (2007). Strass (1988) also 
found improvements in maximal explosive force production compared to maximal force 




adaptations. This improvement in explosive force production transferred to swimming 
performance with a significant increase in velocity (p < 0.01).  Furthermore, Aspenes et 
al. (2009) employed a similar training intervention method and found a 20.3 % 
improvement in dry-land strength. The control group increased by 11.8 % and it may be 
possible that the control group increased dry-land strength due to familiarisation with the 
testing procedures, or the improvement resulted from the prescribed swimming 
programme. Despite this, improvements did not transfer to significant improvements in 
50 m and 100 m swimming performance. 400 m performance did improve significantly, 
however, with a mean decrease in swimming time of 3.74 seconds.   
By contrast, the applications of high volume resistance training programmes appear to 
have no significant effect on swimming performance. Song et al. (2009) used a periodised 
gym based programme (24 weeks) with four phases: (1) adaptation, (2) maximum 
strength, (3) power endurance and (4) maximum strength and power/endurance. In the 
case of this study, strength improvements were observed ranging from a 21 % increase in 
sit ups to a 20-25 % increase in power clean. It is likely that the initial increase in strength 
can be associated firstly with neuromuscular adaptations affecting fast twitch muscle 
fibres and secondly, with improvement of the exercise technique (i.e. power clean). 
Manning et al. (1986) designed a traditional dry-land resistance circuit, consisting of 
various upper body, lower body and core exercises, each performed for one minute to 
mimic the swimmers’ event duration. The training programme was designed to target 
specific muscle groups involved in front crawl swimming and exercises were completed 
with maximum velocity to maximally recruit the appropriate motor units. Despite 
increased muscle power most likely resulting from neurological adaptation, Manning et 
al. (1986) did not find a significant increase in swimming performance. This may be due 
to the hypertrophic nature of the training programme prescribed and residual fatigue may 
have been a key factor. Tanaka et al. (1993) found that swimmers in a resistance training 
intervention group increased strength by 27-35 %, but this improvement did not transfer 
to swimming performance. The heavy demands of both swimming and resistance training 
may have caused local muscular fatigue and inhibited the development of maximal 
swimming power, although serum cortisol an indicator for over training did not change 
over the course of the season. This reinforces that training modalities need to be swim 




The results of this systematic review are consistent with the view that traditional 
resistance training improves swimming performance. Girold et al. (2012), Girold et al. 
(2007) Strass (1988) and Aspenes et al. (2009) all found that traditional resistance training 
methods increased dry-land strength and found significant improvements in swimming 
performance. Each of these studies used high velocities during the concentric phase and 
this has been linked to greater neuromuscular adaptations and recruitment of type II 
muscle fibres (Coyle et al., 1981, Kanehisa and Miyashita, 1983, Sadowski et al., 2012). 
Girold et al. (2012), Girold et al. (2007) and Aspenes et al. (2009) all employed low 
repetition ranges (1-6 repetitions) with a low number of sets (≤ 3 sets) whereas Strass 
(Strass, 1988) prescribed a range of sets across a low number of repetitions for one 
exercise (i.e. 3 sets of 3 repetitions, 3 sets of 2 repetitions and 1 set of 1 repetition). These 
adaptations along with greater specificity may lead to the significant transfer to swimming 
performance (Aspenes et al., 2009, Tanaka et al., 1993, Girold et al., 2007, Trappe and 
Pearson, 1994, Manning et al., 1986). This indicates that lower volume (low number of 
sets and repetitions), high intensity (high velocity and force) resistance training 
programmes induce less neuromuscular fatigue and greater strength and neuromuscular 
improvements which may positively influence swimming performance (Haff and 
Nimphius, 2012). This agrees with Veliz et al. (2014) who prescribed a low volume, high 
velocity and force resistance training programme to elite water-polo players. However, 
no control group (Song et al., 2009), sex bias (Aspenes et al., 2009, Girold et al., 2007, 
Strass, 1988, Girold et al., 2012), lack of randomised controlled design (Aspenes et al., 
2009, Song et al., 2009, Strass, 1988) and intervention duration (Girold et al., 2007, 
Strass, 1988, Girold et al., 2012) are a feature of the aforementioned studies. The specific 
timing system used was only documented in one study (Song et al., 2009). Furthermore, 
three of the studies used a 25 m pool (Aspenes et al., 2009, Girold et al., 2007, Strass, 
1988); one study used a 50 m pool (Song et al., 2009) with Strass (1988) not reporting 
pool length.  These shortcomings can alter the practical application of these studies, with 
intervention length, lack of control groups and randomised controlled design effecting the 
quality and interpretation of the studies. Conversely, Tanaka et al. (1993), Trappe and 
Pearson (1994) and Manning et al. (1986) found an increase in dry land strength with no 
increase in swimming performance. This may have been due to the hypertrophic nature 
of these programmes (table 2) (Gollnick, 1982), which can impair performance by 
increasing resistive forces and decreasing the force to mass ratio. The increase in volume 




therefore would have inhibited the anabolic environment necessary for recovery and 
strength development. 
2.6.3.3 Core Training 
Core training is commonly practiced in elite sport. In swimming, core stability is essential 
due to the unstable nature of water. During each stroke cycle, propulsive forces are 
produced through the hand which creates a dynamic reaction about the rotational axes of 
the vertebrae causing an increase in lateral movement, increase in excessive kicking 
movements and therefore a decrease in propulsive efficiency. Due to this instability, 
muscular strength and endurance in core muscles is required to absorb these forces. 
Weston et al. (2015) demonstrated significant improvements in swimmers’ core function 
and swimming performance due to the inclusion of an isolated core programme. Dingley 
et al. (2015) found similar results with paraplegic athletes, where the increase in 
swimming performance was largely attributed to the increase in core stability of the 
athletes. Dynamic exercises such as “bird dog” (Weston et al., 2015) enhanced stability 
and control of gluteus maximus, external oblique abdominis, gluteus medius and other 
specific muscle groups.  Weston et al. (2015) identified difficulties in designing a core 
programme that matched the biomechanical complexity of the core muscle functions in 
swimming. Furthermore, the use of a manual stopwatch to determine times would have 
affected the quality of data obtained in this study. Despite this, the study found moderate 
to large improvements in peak EMG activity of the latissimus dorsi, external oblique 
abdominis and lumbar extensor muscles during isolated core tests. Therefore, the 
introduction of core exercises may have increased stability in the lumbar and thoracic 
regions through a variety of these exercises. However, it is important to highlight that no 
randomised controlled trials have been conducted exploring this specifically.  
2.6.4 Swim Specific Resistance Training 
2.6.4.1 Resisted Band Swim Training 
Resistive bands have been used as a resistance training exercise modality and have been 
shown to have significant effects on swimming performance. Bosch (2015) describes this 
as coordinative overload, similar to resisted sprints in athletics; it can be used to cause 
favourable adaptations through slight variations of the original movement. In this training 
modality, an elastic band is securely attached to the diving block and a belt with the elastic 




of the elastic band. Girold et al. (2006) found a 1.9 % improvement in performance over 
100 m following resistive band training, however inconsistencies in the application of the 
methods in this study rendered the findings unreliable. This included a 3 week 
intervention period, no reporting of the specific timing system used and the use of a 25 m 
pool, all of which could have affected the quality of the study. In a subsequent study, 
Girold et al. (2007) found significant improvements (p < 0.05) in 50 m swimming 
performance with a 32 % increase in strength but unfortunately the use of combined 
resisted and assisted training excluded this study from this systematic review. Girold et 
al. (2006) showed that the use of in-water resistance training can increase swimming 
performance and emphasised the need for swim specific resistance training (Stewart and 
Hopkins, 2000, Costill, 1999), which is in agreement with Delecluse et al. (1995) who 
suggested that high resistances enhance power due to adaptive changes to the 
neuromuscular system. The greatest improvements in strength were observed in the 
isometric condition that was conducted at a 90⁰ angle at the arm and this is the specific 
mid stroke swimming position between the pulling and pushing phase (Maglischo et al., 
1985).  Therefore, a gain in muscle strength in this position may have been the significant 
indicator of improvement in swimming performance. This emphasises the need for 
specificity of training modalities. Santos-Garcia et al. (2013) showed that an increase in 
swimming performance can be observed after 4 rounds of a swim specific resistance 
training exercise (i.e. resistive elastic bands) followed by a maximum sprint. This 
suggests the requirement for extensive warm ups to ensure maximum swimming 
performance. It is plausible that the use of resistive elastic bands as a resistance training 
tool promotes an increase in swimming performance (Girold et al., 2006, Juárez Santos-
García et al., 2013) and it provides a dynamic resistance training method which develops 
muscle strength specific to swimming. This is consistent with De Villarreal et al. (2015) 
who found that in water specific resistance exercises improved water-polo specific 
performance skills, re-emphasising the necessity for specificity.  
2.6.4.2 Arms Only Training 
Arms only training is commonly used in elite swimming and is believed to increase upper 
body resistance in a swimming-specific manner by overloading the specific upper body 
muscles and therefore arms only training can be seen as a resistance exercise rather than 
an endurance exercise. When compared to whole body swimming, arms only swimming 




uptake (Ribeiro et al., 2015, Rodríguez et al., 2016) at the same relative intensity. This 
training modality can be used to reduce total training load while maintaining swimming 
fitness and volume. Konstantaki et al. (2008) replaced regular swimming training with 
arms only training 3 times a week consisting of swimming exercises and drills (i.e. 
breathing drills, one arm only, hand paddles, pull buoy, etc.). Significant improvements 
in arms only peak exercise intensity, ventilatory threshold and movement economy but 
with no significant transfer to swimming performance. This lack of transfer may be due 
to the loss of co-ordination between the arms and legs as swimming speed, type of kick 
used (2, 4 or 6 beat) and swimming proficiency are factors that rely on co-ordination. 
Isolation of the arms may add additional external torque due to the changes in body roll 
and stability in the water. It may be suggested that a longer period of time is needed for 
the body to adapt to this increase in external torque, with sex bias, unknown timing system 
and a 22.9 m pool all affecting the quality and practical application of this study. The 
study also used a pull buoy which provides extra buoyancy and support, which in turn, 
reduces the activation and stabilisation of the core muscles. This reinforces the vital role 
of the core muscles in maintaining an optimal body position, described by Morris et al. 
(2016), for elite swimming performance. Despite its limitations, arms’ only training still 
has a very important role in swimming performance. It may be necessary to isolate the 
legs, using an elastic band around the ankles rather than a pull buoy to create greater core 
activation and maintain an optimal body position (Morris et al., 2016). While the research 
is not conclusive, it is plausible that an integration of arms only swimming in the training 
programme may improve the transfer to swimming performance. 
2.6.4.3 Drag Suit Training 
Training specificity is a key element in the enhancement of swimming performance. Drag 
suits have been worn by swimmers worldwide and are commercially advertised as a 
training tool. Drag suits are traditionally considered an endurance training modality but 
due to the increase in propulsion and consequent increase in work output, their use can 
be considered a resistance exercise. The concept behind drag suits is that the mesh 
clothing retains water and therefore increases the resistive drag forces. Dragunas et al. 
(2012) showed no significant improvement in either swimming performance while 
wearing a drag suit for 5 weeks compared to the control group. This may be due to the 
adaptation from the drag suit training requiring longer than 5 weeks with gender bias, use 




study. Training under drag suit training condition on a daily basis may change the body 
position and “feel for the water” (McGowan et al., 2016a), which may result in slower 
swimming times without the drag suit. Previous research has shown that there are no acute 
alterations in kinematic characteristics of front crawl swimming while using parachutes 
(Telles et al., 2011), a similar concept to drag suit training. To date, no research has 
examined the chronic effect of parachute or drag suit training on kinematic characteristics 
and it is unknown whether chronic training under drag suit conditions alters body position 
and affects swimming performance. 
2.6.4.4 MAD-device 
Toussaint and Vervoorn (1990) used the MAD-device, a specific in water system to 
measure mechanical power output as well as active drag during front crawl swimming 
(Hollander et al., 1988). The MAD - device consists of 16 push off pads, 1.4 m apart on 
a 23 m horizontal rod 0.8 m below the water surface.  The system requires the swimmer 
to push off the resistance pads submerged under the water at fixed points. The force 
exerted on these fixed points is then recorded through a force transducer. This device is 
highly specific to swimming but requires several familiarisation trials to produce a 
reliable and valid result.  A training device known as the push off pad (POP) device was 
used to mimic the MAD-device during the 10 week training intervention period designed 
by Toussaint and Vervoorn (1990). Toussaint and Vervoorn (1990) found no significant 
improvements in 25 m and 50 m swimming performance. However, in competition results 
showed significant improvements in 50 m and 200 m swimming performance compared 
to the control group but 100 m swimming performance did not significantly improve 
compared to the control group. This increase in power, velocity and force may be due to 
the added resistance encountered by propelling off the fixed pads rather than water. Clarys 
et al. (1988) found similar EMG patterns when comparing the MAD-device and free 
swimming which would suggest that the MAD-device is task specific. The high 
correlation between competition swimming performance and force, velocity and power, 
from this study, may suggest that the MAD-device is a sensitive device to monitor training 
improvements and the transfer of resistance training modalities. The authors of this study 
also suggest that the MAD-device can force the swimmer to swim more symmetrically 
due to the fixed depth and distance of the pads, which is an important practical feature of 
the MAD-device. Although the findings of this study are positive, the compliance of the 




Furthermore, no randomised controlled trials have been conducted in this area and the 
available data should therefore be interpreted with caution. 
2.6.5 Biomechanical Parameters 
SL and SR are the two biomechanical parameters that are investigated in the majority of 
studies and have been linked to improvements in swimming performance. Many studies 
have highlighted the importance of SL in improving swimming performance (Girold et 
al., 2006, Smith et al., 2002, Figueiredo et al., 2011, Chatard and Mujika, 1999, Costill et 
al., 1980, Craig et al., 1985, Hay et al., 1983) and therefore maintaining mechanical 
propulsive efficiency throughout the race. SR has been determined as a key factor in 50 
m performance compared to other swimming distances (Girold et al., 2007) and known 
to influence swimming velocity (Wakayoshi et al., 1995, Figueiredo et al., 2011, Craig et 
al., 1985). Swimming velocity is the product of SL (metres per stroke cycle) and SR 
(strokes per minute) (Craig and Pendergast, 1979), therefore these technical parameters 
are important determinants of swimming velocity. Researchers have attempted to find the 
optimal relationship of SL to SR for swimming performance (Schnitzler et al., 2011) and 
have found that training, intensity, physiological capabilities, race distances, sex and 
swimming technique all influence the SL/SR relationship (Laffite et al., 2004). Expert 
swimmers have been shown to maintain their SL and SR longer than non-expert 
swimmers with coaches employing various training strategies to maintain these technical 
parameters and achieve higher swimming velocities (Alberty et al., 2009). Five different 
combinations of these parameters exist: (1) increase in SL and SR; (2) increase in SL and 
decrease in SR (3) increase in SR and decrease in SL; (4) increase in SL and stabilisation 
of SR (5): increase in SR and stabilisation of SL (Huot-Marchand et al., 2005). It is 
therefore imperative that the calculations of SL and SR are accurate and it is essential that 
this is considered before discussing the effect of resistance training on these technical 
parameters. 
2.6.5.1 Calculation of Stroke Length and Stroke Rate 
The calculations of SL and SR included in this review are shown in table 3. Many methods 
are used to determine SL and SR, with different units being implemented (table 3). 
Various method-related issues affect SR and length determination, with the major factor 




measurement inconsistencies, a standardised model to determine SL and SR is needed to 
ensure accurate reporting. The implementation of landmark registration could make the 
measurement of SL and SR more valid and reliable. Landmark registration is an 
intermediate step in functional data analysis (FDA), a branch of statistical analysis that 
presents curves or families of curves (Deluzio et al., 2014). Landmark registration 
identifies visible features or landmarks and re-aligns curves to ensure the landmarks of 
multiple trials (curves) are consistent. This technique allows a more effective comparison 
between participants without resorting to distortions of the time-base via conventional 
temporal normalisation techniques. In swimming, the transition of the arms from the 
propulsive phase (under water) to the recovery phase (above the water) will cause a clear 
difference in velocity, force and displacement of the arm stroke cycle and this provides 
an easily identifiable landmark in the curve. The advantage of landmark registration is 
the identification of movement patterns where the sequence of events is clearly 
identifiable. The disadvantage with this technique is that landmark registration will 
introduce a change to the raw data and therefore realigned data needs to be interpreted 




Table 3: Summary of units and methods used to calculate SL and SR. 
Reference 
SL SR 
Units Method Units Method 
Biokinetic swim bench training 
Roberts et al. 
(1991) 
Not reported Method not reported Cycle.min-1 
 
Time taken to perform 5 stroke cycles per minute. 
 
Traditional resistance training 
Girold et al. (2012) Metres All 50 m trials were recorded using a video recorder. SL 
was analysed using the video software in 10 m 
segments. The mean of the total number of stroke cycles 
per 50 m was used to calculate SL. 
Cycle.min-1 All 50 m trials were recorded using a video recorder. 
3 complete stroke cycles per each 25 m, from a 10 m 
segment. The mean of the total number of stroke 
cycles per 50 m was used. 
Strass (1988) Metres SL was calculated from the following equation: velocity 
= SL × stroke frequency/60. 
Cycle.min-1 Stroke frequency was calculated using a stop watch 
that was calibrated over four stroke cycles. 
Trappe and 
Pearson (1994) 
Metres Calculated by using a speedometer by attaching a line to 
the swimmer and analysing the data. SL was calculated 
when the right hand entered the water.  
Hertz 
 
Calculated using a speedometer by attaching a line to 
the swimmer and analysing the data. SR was 
calculated when the right hand entered the water. 
Aspenes et al. 
(2009) 
Metres All 50 m trials were video recorded and measured with a 
picture digitiser software. SL over 10 m, every 25 m 
between 7.5 m and 17.5 m. 
Cycle.min-1 All 50 m trials video recorded and measured with a 
picture digitiser software. 3 complete stroke cycles, 
over 10 m, every 25 m between 7.5 m and 17.5 m. 
Girold et al. (2007) Metres The following equation was used: 
velocity = SL × stroke frequency/60. 
Time to complete 4 stroke 
cycles 
Recorded during the last 83.6 m of the 91.4 m race. 
Calculated by the time it took to complete 4 stroke 
cycles and divided by 4. 
Tanaka et al. 
(1993) 
Metres The following equation was used: 
velocity = SL × stroke frequency/60. 
Not reported During the 365.8 m swim SR was calculated by the 
time taken for four complete stroke cycles at 3 time 
points. 
Manning et al. 
(1986) 
Not recorded Not recorded Not recorded 
 
Not recorded 
Song et al. (2009) Not recorded Not recorded Not recorded Not recorded 
Core training 
Weston et al. 
(2015) 
Not recorded Not recorded Not recorded Not recorded 
Swim specific resistance training 
Girold et al. (2006) Metres The following equation was used: 
velocity = SL × stroke frequency/60. 
Cycle.min-1 SR was calculated for 3 stroke cycles and was 
measured every 25 m.  








Dragunas et al. 
(2012) 
Metres  An average distance per stroke was taken from 20 - 30 
and 35 - 45 each 50 m, using a video performance 
device and then distance per stroke was calculated.  
Strokes/min An average SR was taken from 20 - 30 m and 35 - 45 
m each 50 m, using a video performance device and 
then SR was calculated. 
Toussaint and 
Vervoorn (1990) 
Not recorded Not recorded Not recorded Not recorded 




2.6.5.2 Stroke Length 
Hay et al. (1983) demonstrated that the improvement in velocity over a season was due to 
improvements in SL. Improvement in performance was observed with an increase in SL 
and therefore an increase in velocity (Hay et al., 1983). A decrease in velocity has been 
shown to be directly associated with a decrease in SL (Craig et al., 1985, Fernandes et al., 
2006). SL can therefore be shown to be an important factor in front crawl swimming 
(Chatard and Mujika, 1999, Costill et al., 1980). Girold et al. (2012) and Strass (1988) 
found an increase in SL and this transferred to an increase in swimming performance. These 
studies used traditional resistance training with low repetitions (6 repetitions - Girold et al. 
(2012); 3 repetitions - Strass (1988)). Aspenes et al. (2009) and Girold et al. (2007)) but 
found no such increases in SL but significant increases in 50 m and 400 m swimming 
performance, respectively. Aspenes et al. (2009) and Girold et al. (2007) also used 
traditional resistance training with low repetitions (5 and 6 repetitions, respectively).  The 
results here are conflicting and therefore further clarity/additional research is needed. 
Toussaint and Vervoorn (1990) conducted 25 m and 50 m sprint times outside of the 
competition used to monitor pre and post training effects of the POP training device on 
swimming performance. During these tests, significant reductions in the number of strokes 
taken were recorded in the resistance training group; 25 m: 19 ± 2.3 to 18.6 ± 2 and 50 m: 
46.4 ± 3.7 to 44.9 ± 3.9. By contrast, Tanaka et al. (1993) found that an increase in 
resistance training performance did not result in an increase in SL and found no significant 
improvement in swimming performance. Tanaka et al. (1993) found that improvements 
through resistance training did not transfer to propulsive forces needed for an increase in 
SL. The resistance training group increased strength by 25-35 % but no transfer to 
swimming performance was found. This may have been due to the hypertrophic nature of 
this intervention (table 2). Dragunas et al. (2012) found a significant increase in SL but no 
increase in swimming performance, similar to above. While these results are inconclusive, 
they suggest that for improving SL, low repetitions with high velocity/force are needed 
when prescribing resistance training exercises. This may be because increasing SL 
demands higher strength levels as evidenced by Toussaint and Vervoorn (1990). 
2.6.5.3 Stroke Rate 
Using stepwise regression analysis, Girold et al. (2006) found SR to be an important factor 




caused the swimmer to increase his/her SR providing enough propulsive forces to move 
forward rather than being pulled back by the resisted band. The fact that an increase in SR 
was only observed in the second half of the 100 m test trial suggests an increase in muscular 
strength endurance due to the resisted swims. Theoretical analyses show that SR is the 
primary factor determining swimming performance at higher swimming velocities (Hay et 
al., 1983). By contrast, Roberts et al. (1991) and Aspenes et al. (2009) found a decrease in 
SR along with a non-significant (Aspenes et al., 2009, Roberts et al., 1991) increase in SL. 
This suggests that by increasing SL there may be a decrease in SR and by increasing SR 
there may be a decrease in SL. This is not uncommon as Girold et al. (2006) found a 
significant decrease in SL with a significant increase in SR. At maximum velocity, SR is 
deemed to be the most important factor (Wakayoshi et al., 1995, Girold et al., 2007, Craig 
et al., 1985), however as race distance increases to ≥ 400 m, SR becomes less of a 
determining factor (Fernandes et al., 2006, Laffite et al., 2004, Alberty et al., 2009). 
However, with an decrease in SL at volitional exhaustion (Alberty et al., 2009, Wakayoshi 
et al., 1996, Marinho et al., 2006, Keskinen and Komi, 1993, Fernandes and Vilas-Boas, 
2012), SR will increase with the fastest swimmers maintaining SL (Smith et al., 2002, 
Figueiredo et al., 2011, Craig et al., 1985, Laffite et al., 2004).  Therefore, an individualised 
combination of SR and SL needs to be established to ensure optimal performance, but for 
now there is no evidence to support this. 
2.6.6 Concurrent Training 
The complex nature of high performance swimming training requires large volumes of 
training with the complementary aid of resistance training. This simultaneous integration 
of resistance and swimming training within a periodised training programme is known as 
concurrent training (Leveritt et al., 1999, Wilson et al., 2012). Swimming training includes 
both a light intensity training (LIT) component (i.e. increases mitochondrial density, 
oxidative capacity of muscle fibres, alterations in substrate metabolism and therefore the 
athlete’s aerobic capacity (Hawley, 2002)) and a high intensity training (HIT) component 
(improves delivery of oxygen to working muscles through increased stroke volume, 
improved heat tolerance, improved ability to produce and utilise adenosine triphosphate 
(ATP), improved glycogenolytic capacity and increased buffering capacity (Laursen and 
Jenkins, 2002)). This provides the essential physiological adaptations needed to improve 




training, it has been well documented that concurrent training results in conflicting 
adaptation responses (Leveritt et al., 1999, Wilson et al., 2012, Fyfe et al., 2014).    
Molecular physiologists refer to myofibrillar hypertrophy as the sole adaptation to 
resistance training within the current literature and do not acknowledge other neural 
adaptations that contribute to the increased rate of force production (i.e. musculotendinous 
stiffness, motor unit recruitment, inter-muscular and intra-muscular co-ordination) (Cormie 
et al., 2011). Conversely, in this review neural adaptations have been found to be primarily 
responsible for an increase in swimming performance. Mammalian target of rapamycin 
complex 1 (mTORC1) has been identified as a key molecular pathway for resistance 
training that increases mechanical stimuli, growth factors and nutrients to promote protein 
synthesis. Adenosine monophosphate-activated protein kinase (AMPK) and calmodulin-
dependent protein kinase II (CaMKII) are activated by endurance training and promote 
intracellular concentrations of Ca2+, oxygen, lactate and other physiological responses to 
coordinate mitochondrial biogenesis, improved substrate utilisation and capillary density 
to enhance oxidative capacities (Fyfe et al., 2014). It is believed that endurance training 
inhibits mTORC1 and other regulators of muscle hypertrophy with HIT interfering with 
the key molecular pathways associated with resistance training more than LIT. HIT may 
compromise force and power production during resistance training and theoretically limit 
the activation of type II muscle fibres and units (Sale, 1987), thereby causing increased 
residual fatigue. Endurance training inhibits protein synthesis and stimulates protein 
breakdown, which limits muscle hypertrophy by affecting the positive net balance of 
protein synthesis needed for hypertrophy to take place (Hawley, 2009). AMPK has a direct 
inhibitory effect on mTORC1 and therefore negatively regulates protein synthesis and up 
regulates protein degradation (Coffey and Hawley, 2007) with sirtuin 1 (SIRT1) emerging 
as another potential mechanism by which mTORC1 and protein synthesis may be 
suppressed (Ghosh et al., 2010). Conversely, some studies have shown that both protein 
synthesis (Donges et al., 2012) and mTORC1 signalling (Apró et al., 2013) are not affected 
by resistance training, with some studies showing that concurrent training improves 
adaptations (Wang et al., 2011). Wilson et al. (2012) hypothetically stated that greater 
hypertrophy can be observed in concurrent training studies when resistance and endurance 
training were performed on separate days. Lundberg et al. (2012) found that significant 
time between sessions resulted in elevated metabolic signalling. Botonis et al. (2016) 




conducted on separate days resulted in improvements in both strength and swimming 
performance. These studies show that LIT has little or any effect on resistance training 
adaptations. Other factors that modulate the molecular responses to resistance training 
include training status, age, genetic factors, muscle phenotype (Coffey et al., 2006a, Coffey 
et al., 2006b), training modalities and nutrient availability (Fyfe et al., 2014).  
The current research shows conflicting results as molecular signals produced from 
endurance training have been shown to interfere with hypertrophic related resistance 
training adaptations. However, significant time periods and specific training modalities 
show favourable results. Baar (2014) provides a series of scientific based recommendations 
to optimise concurrent training, as follows: (1) endurance training should be performed in 
the morning with at least 3 hours between endurance and resistance training to allow 
AMPK and SIRT1 levels to return to baseline, (2) resistance training should be followed 
by a leucine rich protein source to promote protein synthesis, (3) athletes  should fully 
refuel after endurance training as AMPK can be activated by low glycogen levels and 
SIRT1 is activated by caloric restriction, which will affect adaptation responses to 
resistance training and (4) it is optimal to perform resistance training after LIT rather than 
HIT. Future research should focus on the interference of endurance training on resistance 
training in relation to neural adaptations, rather than just myofibrillar hypertrophic 
adaptations. 
2.7 Conclusions 
The current systematic review shows that resistance training can improve swimming 
performance in response to various types of resistance training programmes. The findings 
of this review are as follows; low volume, high force, swim specific resistance training 
programmes, showed a positive transfer to swimming performance with core training 
having a significant role to play in swimming performance. In relation to the effect of 
resistance training modalities to technical parameters the literature is sparse and 
inconclusive but trends show that for improving SL, low volume, high velocity and force 
training is required due to increasing SL demanding a high level of strength. Identification 
of suitable strength tests for swimmers requires further investigation as a gold standard test 
has yet to be documented in the current literature. Use of the isokinetic machine and 




extensors in the concentric condition and with swimming performance, respectively. 
However, there are clear methodological inconsistencies that need to be addressed in future 
studies, highlighting the importance of a robust study design and data collection 
procedures. The development of a wide range of functional resistance modalities, as 
highlighted within this review, will facilitate the transfer of resistance training to swimming 
performance. Furthermore, the studies included within this review highlight that traditional 
resistance training and resisted swims showed the greatest transfer to swimming 
performance. The resisted swims demonstrated a high degree of swimming specificity but 
the specificity of the traditional resistance training exercises is unclear. Additionally, 
several studies (Aspenes et al., 2009, Tanaka et al., 1993, Girold et al., 2007, Trappe and 
Pearson, 1994, Manning et al., 1986) outlined the need for greater specificity within 
resistance training programmes as highlighted in section 1.2 and this review. The need to 
understand the specificity of dry-land resistance exercises prescribed is clear to improve 















Chapter 3: Muscle Activation Specificity between Front 
Crawl Swimming and Dry-land Resistance Exercises: A 




























The previous literature review highlighted that traditional resistance training through low 
volume, high force, swim specific resistance training programmes, showed a positive 
transfer to swimming performance. Therefore, the identification of specific dry-land 
resistance exercises is important with neuromuscular adaptations outlined as an important 
mechanism in the improvement of swimming performance (Girold et al., 2006, Girold et 
al., 2007). An additional review of the literature is required to explore the neuromuscular 
specificity, through muscle activations, between specific dry-land resistance exercises and 
front crawl swimming. This will include research investigating EMG of both traditional 
dry-land resistance exercises and front crawl swimming performance. The literature review 
will highlight the muscle activation similarities between dry-land resistance training and 
front crawl swimming. Furthermore, it will explore method-related considerations, data 
collection and analysis techniques and variability associated with EMG data. This 
knowledge will inform subsequent empirical chapters within this programme of research. 
3.2 Abstract 
The neuromuscular system is important in the development of muscular strength, RFD and 
power. Previously outlined, several resistance training studies have concluded that the 
neuromuscular system was responsible for improvements observed in swimming 
performance. However, little research has investigated the specificity of muscle activations 
between dry-land resistance exercises and front crawl swimming. Therefore, a systematic 
review of the current literature to explore muscle activations is required. Four online 
databases were searched with the following inclusion criteria: (1) upper body dry-land 
resistance exercises, (2) front crawl swimming, (3) dry-land resistance exercises conducted 
in their original form, (4) cross-sectional research design (5) surface EMG and (6) 
normalised to maximal voluntary isometric contraction (MVIC). Exclusion criteria were; 
(1) studies that did not fully report their results and (2) injuries or illnesses. Data were 
extracted using the PRISMA Guidelines. 15 papers met the inclusion criteria, including; 
bench press (4 papers), chin ups (2 papers), latissimus pull downs (1 paper), pull up (3 
papers), push ups (3 papers) and front crawl swimming (2 papers). The findings of this 
review show that the measurement and processing of surface EMG data is a complex 




of dynamic activities such as front crawl swimming and resistance exercises is a more 
difficult task. Future research should employ a strong individualised approach for the 
identification of specificity within the data set due to the large inter-participant variability. 
3.3 Introduction 
It is proposed that specificity is a requirement for the positive transfer of training exercises. 
Gamble (2006) identified biomechanical specificity as an important component in transfer 
of resistance exercises to sport performance. The improved co-ordination of the 
musculoskeletal system in terms of intra- and inter-muscular co-ordination 
(Schmidtbleicher, 1992) can be primarily responsible for improved sport performance. The 
swimming literature points towards the neuromuscular system being a primary determinant 
for the improvement in swimming performance through resistance training (Crowley et al., 
2017). Strass (1988) found improvements in maximal explosive force production and the 
authors proposed that this could be due to various neuromuscular adaptations. Girold et al. 
(2012), Girold et al. (2007) Strass (1988) and Aspenes et al. (2009) used high velocities 
and high force during the concentric phase of their resistance training programmes, which 
has been linked to greater neuromuscular adaptations and the recruitment of type II muscle 
fibres (Sadowski et al., 2012, Kanehisa and Miyashita, 1983, Coyle et al., 1981). Crowley 
et al. (2017), Chapter 2, explored the range of resistance training interventions to improve 
swimming performance. The results of Chapter 2 found that traditional resistance training 
exercises have a positive impact on swimming performance (table 4). 
The investigation of the neuromuscular system through muscle activations has been 
explored through EMG analysis. EMG waveforms are localised electrical activity arising 
from the activation of motor units (Robinson et al., 2015). Surface EMG provides 
information from a large mass of muscle tissue and can provide a direct correlation of the 
mechanical muscle activity as the superficial fibres contribute more than deep muscle fibres 
(Frigo and Shiavi, 2004). Raw surface EMG signals contain substantial noise and crosstalk 
and therefore are not inherently smooth waveforms. Signal-processing techniques can 
reduce the noise associated with signal acquisition to represent underlying muscle force 
activity. However, the quality of the waveform can be influenced by many internal and 
external factors (Disselhorst-Klug et al., 2009). The influence of internal factors (i.e. fibre 
membrane and motor unit properties) and external factors (i.e. crosstalk and motion 




pre–amplifiers (Van Vugt and Van Dijk, 2001). Direct EMG measurements can be a 
valuable tool for coaches and practitioners, for example to evaluate the effectiveness of 
rehabilitation programmes in terms of addressing the reduction in muscle activation and 
ascertaining if the muscle activation is close to or returned to pre-injury levels. 
Additionally, the analysis of multiple muscles during a movement pattern using a time-
series provides an insight into motor patterns and sports performance (Robinson et al., 
2015).  
The recording of EMG activity allows for the expression of the dynamic involvement of 
muscles in the propulsive phase of front crawl swimming (Clarys, 1985), which can 
describe swimming technique through observing muscle activations, synchronisation and 
amplitude of intensity (Clarys and Rouard, 2011). The first study in front crawl swimming 
to investigate the muscle activations was by Ikai et al. (1964) who found the triceps brachii, 
latissimus dorsi and the deltoids to be of high importance. The current literature identifies 
the latissimus dorsi (Pink et al., 1991), pectoralis major (Pink et al., 1991, Birrer, 1986, 
Nuber et al., 1986), triceps brachii and biceps brachii (Nuber et al., 1986, Birrer, 1986) as 
the upper body prime movers that have the largest muscle activations during the propulsive 
phase of front crawl swimming. Studies have also investigated muscle activations during 
specific phases of the propulsive phase of front crawl swimming. The pectoralis major 
showed the highest muscle activations during the early pull phase and latissimus dorsi 
during the late pull phase (Pink et al., 1991). Figueiredo et al. (2013b) found the triceps 
brachii to show the highest muscle activation during the push phase, with the biceps brachii 
and pectoralis major demonstrating the highest muscle activation during the pull phase. 
Rouard and Clarys (1995) found during the early pull phase, the biceps brachii revealed the 
largest muscle activations. This was also found by Lauer et al (2013) although the overall 
level of muscle activity was lower. More recent studies by Martens et al. (2015a, 2016) 
found that the middle deltoid showed the highest muscle activity during the exit phase of 
the front crawl stroke. The range of methods used to process and analyse the data makes it 
difficult to compare and provide definitive conclusions across the research. This is 
primarily due to the range of normalisation techniques and the large inter participant 
variability across the included studies.  
Currently, there is a dearth of research investigating the specificity of muscle activations 
between front crawl swimming and dry-land resistance exercises. Olbrecht and Clarys 




(1988) finding similar EMG patterns when comparing in water resistance training to front 
crawl swimming. Martens et al. (2015b) provided an extensive literature review on EMG 
analysis in swimming. No standardised method of defining swimming phases, normalising 
the data sets or reporting the data was evident across the research studies. The variability 
around the mean muscle activation patterns is large and makes the data problematic in terms 
of drawing inferences around a single pattern being applicable to all swimmers. No 
literature review to date has explored the similarities in muscle activations between dry-
land resistance training exercises and front crawl swimming. There is a need to examine 
the muscle activations, within the literature, of dry-land resistance exercises and front crawl 
swimming to explore the similarities between both. The identification of prime movers 
between both dry-land resistance exercises and front crawl swimming can inform future 
studies. Furthermore, exploration of method-related processing and design considerations 
is necessary to conduct future studies. It is important to note that the methodological 
variations across all the studies has resulted in this literature review having strict inclusion 
and exclusion criteria as highlighted within the methods section. Therefore, the aim of this 
review is to explore the similarity of muscle activations between dry-land resistance 





Table 4: Summary of resistance training programme, strength tests, technical parameters (SL and SR) and swimming performance results. 
Reference Resistance training exercises SL SR Swimming performance 
Girold et al. (2012) Pull ups, latissimus pull downs, swim bench latissimus pulls. Control group:  
- 
RT group:  
* 
Control group:  
- 






Strass (1988) The arm extensor muscles using a barbell. Assisted exercises for the 
arm flexors and trunk also conducted but not reported. 
Control group:  
Not reported 
RT group:  
25 m: ** 
50 m: ** 
Control group:  
Not reported 
RT group:  
25 m * 




25 m: **  
50 m: **  
Aspenes et al. (2009) Latissimus pull downs. 
  
Control group:  
- 
RT group:  
- 
Control group:  
- 




50 m: -  
100 m: - 
400 m: - 
RT group: 
50 m: - 
100 m: - 
400 m: *   
Girold et al. (2007) Bench press, pull up, barbell draws, squats, plyometrics.  
 
Control group:  
- 




RT group:  
- 
Control group: 
50 m: - 
RT group: 
50 m: *  
Trappe and Pearson 
(1994) 
Weight assisted group: dips and pull ups. 
Traditional weightlifting group: Latissimus pull downs, elbow 
extension and flexion, bent arm fly, quadriceps extensions, 
hamstring flexion.  
Weighted assisted group:  
- 
Traditional weight training 
group:  
- 
Weighted assisted group: 
- 
Traditional weight training 
group:  
- 
Weighted assisted group: 
22.9 m: * 
365.8 m: *  
Traditional weight training group: 
22.9 m: Not reported 
365.8 m: *  
Tanaka et al. (1993) Triceps dips, pull ups, latissimus pull downs, triceps extensions, 
bent over fly. 
Not reported  Not reported 
 
Control group: 
22.9 m: * 
RT group: 
22.9 m:  * 
Manning et al. (1986) Exercises: leg extension, bench press, sit ups with weight, shoulder 
press, skipping, latissimus pull down, leg flexion, arm curl, cycle 








22.9 m: -  
91.44 m: - 
182.88 m: - 
Song et al. (2009) Adaptation: Incline/flat bench press, squat, chin up, triceps, lunge, 
bent over raise, abdominal/back, bent arm pull over, deadlift, power 
clean/snatch, leg extension/curl, military press, T-bar row. Max 
strength: Deadlift, power clean, leg extension/curl, calf raise, pull 
over, chin up, dumbbell press, biceps/wrist curl, abdominal/back. 
Not recorded Not recorded Mean improvement: 
(+) 1.3 % 
Range: 
(-) 6.9 % to (+) 4.2 % 
(P-value not reported) 





3.4.1 Research Approach 
MEDLINE, PubMed, SPORTDiscus and Web of Science online databases were searched 
using specific search terms (EMG) AND (resistance exercise, physical training, strength 
exercise, push up, pull up, bench press, latissimus pull down, chin up). Search terms were 
modified accordingly to fit the requirements or nuances of the databases used.  
3.4.2 Study Criteria 
Studies were included in this systematic review if they met the following criteria: (1) upper 
body dryland resistance exercises, (2) front crawl swimming, (3) dry-land resistance 
exercises conducted in their original form, (4) cross-sectional research design (5) surface 
EMG and (6) normalised to maximal voluntary isometric contractions. Exclusion criteria 
were; (1) studies that did not fully report their results and (2) injuries or illnesses. These 
criterions allowed for the comparison of muscle activations between studies. 
3.4.3 Study Selection 
Data were extracted using the PRISMA guidelines (Moher et al., 2009). The search process 
included a hierarchy of assessment whereby studies were firstly assessed by journal title 
(and duplicates removed), secondly by abstract and thirdly by full article review at which 
point the article was either included or excluded based on the above criteria. Subsequent to 
papers meeting the inclusion criteria, the raw data was then requested from the 
corresponding authors. If the authors did not respond or could not provide the appropriate 





Figure 2: Schematic representation of the data extraction protocol using PRISMA 
guidelines. 
3.5 Results 
The exercises included in the 15 identified papers (figure 2) were; bench press (4 papers), 
chin ups (2 papers), latissimus pull downs (1 paper), pull up (3 papers), push ups (3 papers) 
and front crawl swimming (2 papers). These papers used maximal voluntary isometric 
contractions, only, to normalise the data sets and any other method was excluded. Tables 5 
and 6 highlight the dry-land resistance training exercises and the front crawl swimming 
studies, respectively, that met the inclusion criteria. The following information were 
reported; study aims, gender, level, age, anthropometrics, method of normalisation, 




The studies included within this review, primarily, focused on the comparison of muscle 
activations between muscle groups within the execution of the dry-land resistance exercise 
or the muscle activations between different exercises. However, Martens et al. (2015a, 
2016) studied the intra- and inter–variability of muscle activation patterns during front 
crawl swimming, respectively. These were the only swimming studies included within this 
review as they used MVIC to normalise their data sets (table 6). The level of athletes within 
the studies ranged from inexperienced and experienced resistance trained athletes. The 
collection of papers show that there is a much greater recruitment of male participants (n = 
242) in comparison to female participants (n = 49) in studies examining dry-land resistance 
exercises. Additionally, there were only male participants included within the swimming 
studies. The participants in this review are of similar age with one study showing a mean 
age over 30 (Escalante et al., 2015) and one under 20 (Schick et al., 2010). Studies used a 
series of RM measures to assess and compare muscle activations. These range from one to 
five RM with some studies using a percentage of their RM. Both the front crawl swimming 
studies used a 25 m swim to assess muscle activations. A range of upper body musculature 
were examined in the context of the dry-land resistance exercises including: pectoralis 
major, anterior, posterior and middle deltoid, lateral and medial triceps, supraspinatus, 
infraspinatus, subscapularis, latissimus dorsi, upper, middle and lower trapezius, serratus 
anterior, biceps brachii, brachioradialis and wrist flexors and extensors. front crawl 
swimming included only the rectus abdominis and middle deltoid. The highest muscle 
activations recorded for the traditional dry-land resistance exercises, that featured in two or 
more studies, included: pectoralis major (bench press (Schick et al., 2010)), anterior deltoid 
(bench press (Santana et al., 2007)), middle deltoid (bench press (Schick et al., 2010)), 
triceps brachii (push up (females only) (Cogley et al., 2005)), infraspinatus (latissimus pull 
down (Andersen et al., 2014)), latissimus dorsi (pull up (Youdas et al., 2010)), lower 
trapezius (pull up (Youdas et al., 2010)), biceps brachii (chin up (Youdas et al., 2010)) and 




Table 5: Summary of studies, participant background, resistance training tests and study findings. 
Author Study Aims Level N, Sex Age, Anthropometrics  
(mean SD) 
RM Muscles Studied Findings (% MVIC) 
Bench press 
Schick et al. (2010) To compare muscle activation 
of the anterior deltoid, middle 
deltoid, and pectoralis major 
during a Smith machine and 
free weight bench press at 70% 
and 90% 1 RM intensities. 
Experienced and  
inexperienced 
26 M 14 experienced (19.9 ± 2.1 
yr; 1.76.3 ± 0.75 m; 88.5 ± 
19.4 kg) and 12 
inexperienced ( 
20.5 ± 2.1 yr, 1.79 ± 0.08 m, 
75.5 ± 10.4 kg) 
2 at 90 %  Medial deltoid, 
pectoralis major, and 
anterior. 
Pectoralis major (99 ± 
24), middle (128 ± 52) 
and anterior (92 ± 21) 
deltoid. 
Tillaar and Ettema (2013) To compare the kinematics and 
muscle activation patterns of 
regular free-weight bench press 
(counter movement) with 
concentric lifts in the ascending 
phase of a 1 RM bench press. 
- 11 M 21.9 ± 1.7 yr, 80.7 ± 10.9 kg, 
1.79 ± 0.07 m. 
1 Pectoralis major, 
anterior 
and medial deltoid, 
lateral and medial triceps 
brachii and biceps 
brachii (short head). 
Pectoralis major (51 ± 
32), anterior (75 ± 43) 
and middle deltoid (26 
± 12), the lateral (88 ± 
34) and medial (91 ± 
26) triceps brachii and 
biceps brachii (short 
head) (13 ± 7). 
Wattanaprakornkul et al. 
(2011) 
To determine if similar 
reciprocal recruitment occurs 
during bench press and row 
exercises. 
- 10 M;  
5 F 
21.9 ± 3.0 yr, 1.71 ± 0.12 m, 
67.1 ± 13.9 kg. 
4 at 70 % Supraspinatus, 
infraspinatus, 
subscapularis, latissimus 
dorsi, upper and lower 
trapezius, deltoid 
(middle section), 
pectoralis major, serratus 
anterior. 
Supraspinatus (31.3 ± 
14.0), infraspinatus 
(45.4 ± 18.4), 
subscapularis (16.5 ± 
16.5), latissimus dorsi 
(6.6 ± 7.2), upper (14.9 
± 8.8) and lower (27.8 
± 20.8) trapezius, 
middle deltoid (23.9 ± 
7.1), pectoralis major 
(33.3 ± 14.7), serratus 
anterior (42.0 ± 35.4). 
Santana et al. (2007) To compare the activation 
levels of trunk and shoulder 
muscles between the 1 RM 
bench press and the 1 RM 
single-arm standing cable 
press. 
Inexperienced 14 M 28.14 ± 8.33 yr, 1.78 ± 0.05 
m, 77.78 ± 10.41 kg 







Dickie et al. (2017) To identify any differences in 
peak muscle activation or 
average rectified variable 
muscle activation during chin 
up grip, wide pull up grip, 
Experienced 19 M 24.9 ± 5 yr; 1.78 ± 0.74 m; 
81.3 ± 11.3 kg. 
5 Biceps brachii, 
brachioradialis, middle 
deltoid, upper pectoralis 
major, middle trapezius, 
lower trapezius, 
Biceps brachii (92.9 ± 
31.7), brachioradialis 
(89.8 ± 24.6), middle 





neutral grip and rope pull up 
exercises. 
latissimus dorsi and 
infraspinatus muscles 
major (42.9 ± 24.1), 
middle trapezius (49.2 
± 17.2), lower trapezius 
(42.4 ± 19.4), 
latissimus dorsi (55.6 ± 
23.9) and                                                                                                         
infraspinatus (55.8 ± 
22.5) 
Youdas et al. (2010) To compare conventional pull-
up and chin-up with a 
rotational exercise using 
Perfect Pull up twisting 
handles. 
  21 M;  
4 F 
M (24.9 ± 2.4 yr); F (23.5 ± 
1.0 yr); 1.80 ± 0.37 m; 76 ± 
13 kg. 
3 Lower trapezius, 
latissimus dorsi, 
infraspinatus,  
erector spinae, pectoralis 
major, external oblique, 
and biceps brachii. 
Pectoralis major (57 ± 
36), latissimus dorsi 
(117 ± 46), biceps 
brachii (96 ± 34), lower 
trapezius (45 ± 22), 
external oblique (35 ± 
24), erector spinae (41 
± 24), infraspinatus (75 
± 55). 
Latissimus pull down 
Andersen et al. (2014) To compare 6 RM load and 
electromyography activity in 
the latissimus pull-down using 
3 different pronated grip 
widths. 
Experienced 15 M 24 ± 4 yr; 81 ± 8 kg; 1.80 ± 
0.01 m. 
6 Biceps brachii, trapezius, 
latissimus 
dorsi, infraspinatus. 
Biceps brachii (60.7 ± 
3.2), trapezius (79.1 ± 
11.1), latissimus 
dorsi (77.0 ± 19.1), 
infraspinatus (97.6 ± 
29.9). 
Pull up 
Dickie et al. (2017) To identify any differences in 
peak muscle activation or 
average rectified variable 
muscle activation during chin 
up grip, wide pull up grip, 
neutral grip and rope pull up 
exercises. 
Experienced 19 M 24.9 ± 5 years-; 1.78 ± 0.74 
m; 81.3 ± 11.3 kg; 
5 Biceps brachii, 
brachioradialis, middle 
deltoid, upper pectoralis 
major, middle trapezius, 
lower trapezius, 
latissimus dorsi and 
infraspinatus muscles 
Biceps brachii (81.3 ± 
28.0), brachioradialis 
(97.4 ± 24.6), middle 
deltoid (12.7 ± 6.9), 
upper pectoralis 
major (27.9 ±21.9), 
middle trapezius (60.1 
± 22.5), lower trapezius 
(47.5 ± 24.8), 
latissimus dorsi (56.1 ± 
18.6) and 
infraspinatus (56.4 ± 
22.7). 
Youdas et al. (2010) To compare a conventional 
pull-up and chin-up with a 
rotational exercise using 
  21 M;  
4 F 
M (24.9 ± 2.4 years); F (23.5 
± 6 1.0 years); 1.80 ± 0.03 
m;  
76 ± 13 kg. 
3 BW Lower trapezius, 
latissimus dorsi, 
infraspinatus, erector 
spinae, pectoralis major, 
Pectoralis major (44 ± 
27), latissimus dorsi 
(120 ± 41), biceps 




Perfect Pull up twisting 
handles. 
external oblique, and 
biceps brachii. 
trapezius (56 ±21), 
external oblique (31 ± 
24), erector spinae (39 
± 31), infraspinatus (79 
±56). 
Elscalante et al. (2015) To compare surface 
electromyography signal 
amplitude during pull-ups with 
Versa Grips to those without 
grips. 
Experienced 30 M 32.4 ± 8.4 yr; 1.75 ± 0.09 m; 
80.7 ± 12.3 kg. 
5 BW Wrist flexors, wrist 
extensors, latissimus 
dorsi and infraspinatus. 
Wrist flexors (65.7 ± 
23.4), wrist extensors 
(55.7 ± 26.2), 
latissimus dorsi (102.2 
± 46.3), infraspinatus 
(83.8 ± 32.0). 
Push up 
Cogley et al. (2005) The different levels of 
electromyography activity in 
the pectoralis major and triceps 
brachii muscles are required to 
perform push-ups from each of 
3 different hand positions. 
Inexperienced 11 M; 
29 F 
M (24.3 ± 6.4 yr; 1.80 ± .07 
m; 88.0 ± 16.6 kg). F (24.3 ± 
15.8 yr;1.66 ± 0.07 cm; 61.4 
± 7.1 kg), 
1 Triceps brachii and 
pectoralis major 
M: Triceps brachii 
(69.2 ± 6.9), pectoralis 
major (63.8 ± 6.9). F: 
Triceps brachii (113.4 
± 18.0), pectoralis 
major (106.0 ± 10.6).  
Borreani et al. (2015) To analyse muscle activation 
when performing push-ups 
under different stability 
conditions. 
Inexperienced 30 M 23 ± 1.13 yr; 1.78 ± 0.08 m; 
78.01 ± 8.5 kg 
5 Anterior deltoid, serratus 
anterior, 
rectus femoris and 
lumbar multifidus 
 Anterior deltoid (78.54 
± 4.39), serratus 
anterior (29.07 ± 3.76), 
lumbar multifidus (3.97 
± 0.43) 
Snarr and Esco (2013) The EMG activity of the 
pectoralis major, anterior 
deltoid and triceps brachii 
while performing push ups 
with and without a suspension 
device. 
Inexperienced 15 M; 6 
F 
M (25.93 ± 3.67 yr; 1.80 ± 
0.08 m; 83.65 ± 7.72 kg).  
F (23.5 ± 1.97 yr; 1.74 ± 
0.04 m; 68.04 ± 6.56 kg) 
4 BW Pectoralis major, 
anterior deltoid and 
triceps brachii 
Pectoralis major (63.63 
± 16.4 %), anterior 
deltoid (58.91 ± 20.3 
%), triceps brachii 
(74.32 ± 16.9 %) 












Table 6: Summary of studies, participant background, swimming tests and study findings. 
Author Study Aims Level N, Sex Age, Anthropometrics 
(mean SD) 
Swimming Test Findings (% MVIC) 
Martens et al. (2016) To investigate inter-individual 
variability in muscle activation patterns 
during front crawl swimming and 
assess if there were clusters of sub 
patterns present. 
Experienced 15 M 21.26 ± 2.24 yr; 1.86 ± 
0.05 m; 79.1 ± 7.98 kg. 
25 m front crawl with a 
push-off water start 
accelerating to maximum 
speed in the first 12.5 m 
(breathing allowed) and 
maintaining speed during the 
final 
12.5 m (without breathing).  
Left: Hand entry; rectus abdominis (11.76 ± 8.77), 
middle deltoid (29.47 ± 17.16). Late pull; rectus 
abdominis (10.29 ± 8.81), middle deltoid (3.33 ± 
1.62). Push; rectus abdominis (15.56 ± 10.11), 
middle deltoid (16.52 ± 13.95). Exit; rectus 
abdominis (7.1 ± 3.27), middle deltoid (37.31 ± 
10.31).  Recovery; rectus abdominis (3.13 ± 2.59), 
middle deltoid (50.09 ± 13.06). Right: Hand entry; 
rectus abdominis (13.2 ± 12.01), middle deltoid 
(27.5 ± 17.16). Late pull; rectus abdominis (8.77 ± 
7.25), middle deltoid (4.27 ± 2.61). Push; rectus 
abdominis (14.61 ± 11.07), middle deltoid (15.6 ± 
11.91). Exit; rectus abdominis (7.05 ± 3.49), middle 
deltoid (39.17 ± 11.37).  Recovery; rectus abdominis 
(3.64 ± 2.95), middle deltoid (46.55 ± 10.93).  
Martens et al. (2015a) To assess the intra-individual 
variability of the EMG signal in highly 
skilled front crawl swimmers, 
determine the influence of two 
methods of both amplitude and time 
normalisation of the EMG signal on 
intra-individual variability and of time 
normalisation on muscle activity level 
and describe the muscle activity, 
normalised using MVIC, in relation to 
upper limb crawl stroke movements. 
Experienced 15 M 21.26 ± 2.24 yr; 1.86 ± 
0.05 m; 79.1 ± 7.98 kg. 
25 m swim Left: Hand entry; rectus abdominis (6.82 ± 2.55), 
middle deltoid (15.45 ± 8.65). Pull; rectus abdominis 
(13.89 ± 7.69), middle deltoid (7.00 ± 5.49). Push; 
rectus abdominis (9.53 ± 4.54), middle deltoid 
(34.73 ± 10.86). Exit; rectus abdominis (3.5 ± 2.16), 
middle deltoid (43.95 ± 11.2).  Recovery; rectus 
abdominis (7.87 ± 4.51), middle deltoid (44.81 ± 
12.92). Right: Hand entry; rectus abdominis (7.83 ± 
4.11), middle deltoid (17.36 ± 11.02). Pull; rectus 
abdominis (14.55 ± 10.87), middle deltoid (8.45 ± 
5.94). Push; rectus abdominis (10.93 ± 5.85), middle 
deltoid (36.0 ± 11.25). Exit; rectus abdominis (3.94 
± 2.69), middle deltoid (45.64 ± 8.43).  Recovery; 
rectus abdominis (6.77 ± 4.9), middle deltoid (39.28 









The aim of this review was to systematically review the similarity of muscle activations 
between dry-land resistance exercises and front crawl swimming. Furthermore, the review 
highlights the method-related considerations associated with collecting and processing 
EMG data, as previously highlighted by Martens et al (2015b), while discussing the 
findings of the studies included within this review. All the data within this review were 
normalised to MVIC to standardise the data set. This was to allow for a comparison 
between studies throughout the review. Unfortunately, this reduced the number of papers 
that could be included within the review to 15. The similarities between swimming and 
resistance exercises is difficult to interpret. The data collected within this review 
demonstrate some overlap between front crawl swimming and dry-land resistance 
exercises. 
3.6.1 EMG Similarity between Front Crawl Swimming and Dry-land Resistance 
Exercises 
The comparison of research findings is difficult with the above methodological factors 
needing consideration. This is evident within the various exercises included (table 5). 
Schick et al. (2010) examined the bench press exercise and found the medial deltoid has 
the highest activations and the pectoralis major the second highest, when this is compared 
to similar studies with similar aims the medial deltoid has nearly half the activation levels 
of the pectoralis major (Tillaar and Ettema, 2013). Dickie et al. (2017) shows larger 
activations for the biceps brachii compared to the latissimus dorsi for the chin up exercise 
where as Youdas et al. (2010) found the opposite and the same findings were found for the 
pull up exercise. However, the push up exercise showed less variability between studies for 
the pectoralis major, triceps brachii (Snarr and Esco, 2013, Cogley et al., 2005) and anterior 
deltoid (Snarr and Esco, 2013, Borreani et al., 2015). EMG swimming data is diverse and 
many methods are used to process and represent the data. Martens et al. (2015a, 2016) is 
the only researcher identified that used MVIC to analyse the data. A review from Martens 
et al. (2015b) found that the main propulsive forces in front crawl swimming are produced 
by the arms and shoulder muscles, predominantly the latissimus dorsi, pectoralis major, 
triceps brachii and deltoids. Martens et al. (2016) showed that the highest muscle activity 
in middle deltoid in a group of elite swimmers was found in the late exit and early recovery 




(Martens et al., 2015a). This corresponds with previous findings on the middle deltoid (Ikai 
et al., 1964, Pink et al., 1991, Clarys, 1985, Rouard and Billat, 1990, Figueiredo et al., 
2007).  Piette and Clarys (1979) reported two peaks of activity during front crawl, one 
during the pull-push phases and one during the recovery phase.  
The primary exercises highlighted within this review were; bench press, chin up and pull 
up. The findings suggest that the prime movers during bench press are both the middle 
deltoid and pectoralis major (Schick et al., 2010, Tillaar and Ettema, 2013) with the prime 
movers during the chin up and pull up being the biceps brachii and latissimus dorsi (Dickie 
et al., 2017, Youdas et al., 2010). Whilst during front crawl swimming the muscles 
highlighted within this review are the latissimus dorsi, pectoralis major, triceps brachii and 
deltoids (Martens et al., 2015b) with the middle deltoid being highlighted as the prime 
mover (Martens et al., 2015a, Martens et al., 2016). These results would suggest that the 
bench press, chin up and pull up exercises activate the prime movers of front crawl 
swimming. Furthermore, table 4 highlights several studies showing dry-land resistance 
training programmes that improved swimming performance. The studies included showed 
improvements in performance whilst including the bench press (Song et al., 2009, Girold 
et al., 2007), pull up (Girold et al., 2012, Girold et al., 2007, Tanaka et al., 1993, Trappe 
and Pearson, 1994) and chin up (Song et al., 2009) dry-land resistance exercises. 
Additionally, the latissimus pull down has shown strong correlations with front crawl 
swimming (Crowe et al., 1999, Morouço et al., 2011, Morouço et al., 2014) and has been 
mentioned in several of the studies included (table 4) (Trappe and Pearson, 1994, Tanaka 
et al., 1993, Aspenes et al., 2009, Girold et al., 2012).  
3.6.2 Method-related Considerations 
Several methodological inconsistencies and considerations are apparent throughout the 
papers collected within this review. The level of athletes within the study ranged from 
inexperienced and experienced resistance trained athletes with previous research from 
Chapman et al. (2008) showing differences in muscle recruitment between trained and 
novice cyclists. This alteration within the neuromuscular system would result in different 
degrees of responses due to changes in motor unit recruitment, synchronisation, co-
contraction, rate coding and neural inhibition. The review examined a greater number of 
male participants as only 49 female participants were included within the review compared 




between males and females with Shultz et al. (2001) showing changes in muscle activations 
of the quadriceps muscles after knee perturbation. EMG activations have shown to change 
through training interventions, training practice, exercise selection and contraction type to 
name a few (Behm, 1995). The range of RMs throughout the studies reviewed would result 
in different muscle activation responses, as highlighted previously. Furthermore, the large 
SDs across all the studies indicate the large inter participant variability. The select 
methodological considerations highlights the sensitivity of the neuromuscular system to 
changes in trainability, gender and intensity. 
3.6.3 EMG Data Collection and Analysing Considerations 
The challenge with collecting EMG data has been well established (Kamen and Caldwell, 
1996, Roberts and Gabaldón, 2008). Collecting EMG data whilst submerged underwater 
and conducting a dynamic activity creates even further challenges (Veneziano et al., 2006). 
Amplitude measurements on the skin are affected by the thickness and conductivities of 
the skin, subcutaneous layers, the relative position between the electrodes, intervention 
zones and tendons of the active motor units, and properties of the electrodes (Merletti, 
1999). Additionally, the interpretation of dynamic EMG recordings is more complicated 
than the interpretation of static contractions as the signal is less stationary with the rapid 
change in the recruitment and de-recruitment of motor units and excessive movement of 
the skin (Farina, 2006).  
The attachment of electrodes requires careful consideration to reduce the effects of 
crosstalk. The careful placement of cables, using pre-amplifiers close to the electrodes will 
reduce motion artefacts, double differential electrode configuration (Van Vugt and Van 
Dijk, 2001) and the careful placement of the surface electrodes on to the appropriate muscle 
location (Hermens et al., 2000). It is recommended that researchers should use validated 
guidelines, such as the SENIAM guidelines, to form consistency across the literature with 
regards to correct electrode placement (Hermens et al., 2000). The most common collection 
of EMG data is through two types of electrodes, surface electrodes or fine wire electrodes. 
The surface electrode is a non-invasive method whereby the electrode is placed over the 
muscle belly. The fine wire electrode uses needles or wires that penetrate through the skin 
directly into the muscle belly (Merletti and Farina, 2008). Surface electrodes in EMG 
studies involving dynamic activities are most popular because of their non-invasiveness. 




EMG (Hermens et al., 2000). The Shannon and Nyquist Theorem states that data should be 
sampled at a frequency greater than twice that of the highest frequency during the exercise 
to prevent loss of information, especially when EMG voltages are known to be quite small 
(i.e. below 5 mV) for surface EMG (Winter, 2009). Therefore, the EMG sampling 
frequency is usual set between 500-1000 Hz.  Additionally, amplifiers were designed to 
eliminate unwanted frequencies, which may corrupt the data set (Kamen and Gabriel, 
2010). SENIAM guidelines recommend high-pass filters with 10-20 Hz cut off and low-
pass filters near 500 Hz cut off (Hermens et al., 2000). The cut off frequencies depend on 
the nature of the signal and are therefore often set between 10-500 Hz (Kamen and Gabriel, 
2010). The high-pass cut off is used for removing artefacts associated with electrode and 
cable movements while the low-pass cut off is used for minimising the signals picked up 
by the electrode from the surrounding environment. 
Linear envelope is the most regularly applied technique for extracting information from the 
waveform of the EMG signal (Kamen and Gabriel, 2010). The raw EMG signal is first full-
wave rectified (positive polarity) and then low-pass filtered to reduce artefacts in the signal. 
Low frequency noise can come from electrode motion artefacts in the form of disturbances 
of the electrode charge layer and deformation of the skin under the electrodes. The 
amplitude of the linear envelope is used to interpret the neural drive to the muscle (Kamen 
and Gabriel, 2010). The amplitude is generally proportional to the force applied in the 
muscle. However, there are many reasons why the amplitude in the EMG signal and the 
force produced by the muscle may not correlate directly. These include issues around the 
location of the recording electrodes, cross talk and the involvement of synergistic muscles 
in force generation (Kuriki et al., 2012). 
The normalisation of EMG data can be completed by numerous methods including: 
integrated EMG, root mean square EMG, reference voluntary contraction, average EMG 
recorded, maximal isometric voluntary contractions and normalisation to dynamic peak 
EMG values with no agreement on the best normalisation procedure (Burden and Bartlett, 
1999). Furthermore, these methods can be described as the following: peak amplitude 
during an maximal isometric voluntary contractions; peak or mean amplitude from the 
activity under investigation; peak EMG from submaximal isometric and non-isometric 
contractions; peak to peak amplitude of the maximum M-wave; arbitrary and specific angle 
maximal isometric voluntary contractions; and angle and angular velocity-specific 




are several concerns about the methodological approach to normalise the EMG signal and 
is of primary interest to improve the interpretation of EMG signals in future studies. 
Research conducted on land suggests that normalising the EMG data using the MVIC 
method is more suitable because of lower intra-individual variability (Burden, 2010). 
However, this may be appropriate for low velocity activities but may not be suitable for 
high-velocity activities as the intra-individual variability increases, suggesting that the 
dynamic peak method may be more appropriate (Ball and Scurr, 2013). Swimming velocity 
would be categorised as a medium velocity sports activity, especially at maximum velocity, 
and therefore the dynamic peak method would limit the intra-individual variability. 
Furthermore, studies conducted by Clarys et al. (1983) found dynamic percentages to be 
more than 150 % of the maximal voluntary isometric contractions during swimming.  
Time normalisation is applied to the linear envelope (Hug, 2011), when consecutive cycles 
or different phases within a cycle have different lengths in real time. Therefore, the start 
and end for each cycle or cycle phase is identified from a mechanical event or a distinct 
position in the movement pattern. The linear envelopes over a number of consecutive cycles 
are averaged to form an ensemble averaged EMG as a representative EMG profile for each 
muscle (Hug and Dorel, 2009). Furthermore, to normalise EMG amplitude, as previously 
discussed, the dynamic peak method is most appropriate, as the expression of dynamic 
muscle activations is different to isometric muscle activations (Ball and Scurr, 2013). 
3.6.4 EMG Variability 
The variability between participants and studies is apparent within the studies included in 
this review. Furthermore, describing the inter-participant variability of muscle activation 
levels both within and between participants is of interest within the literature. Martens et 
al. (2015a) demonstrated that swimming produced a higher inter-individual variability 
(range: 70.8–96.8 %) as compared to running (range: 68–90 %) (Guidetti et al., 1996) and 
cycling (range: 55–77 %) suggesting that the unstable nature of water may increase the 
inter-individual variability in swimming (Bolgla and Uhl, 2007). Guidetti et al. (1996) 
provided evidence that most of the inter-individual differences in muscle activation patterns 
in running were due to changes in peak location, with the results from swimming studies 
indicating that amplitude was the major influential factor of increased inter-individual 
variability. The dynamic peak method has been shown to facilitate in the reduction of inter-




Martens et al. (2016) found that there was no general muscle pattern for swimming 
compared to previous research on cyclic activities with the instability and dynamic nature 
of the aquatic environment. Moreover, the comparison of muscle activities between 
exercise modalities using the dynamic peak method mitigates the effect of differences in 
peak EMG and allows for the comparison of movement similarities. 
3.7 Conclusion 
The findings of this review suggest that the prime movers during bench press are both the 
middle deltoid and pectoralis major with the prime movers during the chin up and pull up 
being the biceps brachii and latissimus dorsi. Whilst during front crawl swimming the 
muscles highlighted within this review are the latissimus dorsi, pectoralis major, triceps 
brachii and deltoids. Bench press, chin up and pull up exercises show a degree of specificity 
to front crawl swimming. The results suggest that during the bench press, chin up and pull 
up the muscles activated are similar to the prime movers identified in front crawl 
swimming. Additionally, this review shows that the measurement and processing of surface 
EMG data is a complex procedure. Several methodological constraints related to 
measurement of surface EMG data have been highlighted in this review. The normalisation 
of data through the dynamic peak EMG method is best, as the normalisation to MVIC will 
distort the data. Furthermore, an individualised approach is necessary as the variability 
between participants is high and needs consideration when examining the data. Future 
research needs to explore and examine the specificity of dry-land resistance training 
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The literature reviews thus far highlight that traditional resistance training through low 
volume, high force, swim specific resistance training programmes, showed a positive 
transfer to swimming performance. Furthermore, traditional dry-land resistance exercises 
(i.e. chin up, pull up and bench press) were shown to activate similar prime movers as front 
crawl swimming. Further analysis shows that these dry-land resistance exercises are 
frequently included within the traditional resistance training interventions that improved 
swimming performance. Therefore, this chapter aims to investigate elite swimming S&C 
coaches with respect to their training prescription and more specifically, the dry-land 
resistance training exercises that they believe best improve swimming performance. 
Finally, this chapter provides insight into why coaches prescribe resistance training and 
what they believe are the benefits of prescribing resistance training. Further to the literature 
reviews, this chapter informs the design of the empirical chapters that follow within this 
programme of research. 
4.2 Abstract 
No research to date has investigated dry-land resistance training practices of elite 
swimming S&C coaches. This is the first comprehensive study exploring dry-land 
resistance training practices in swimming. The aims of this study were to examine (1) the 
dry-land resistance training practices and exercises used by elite swimming S&C coaches 
and (2) the rationale provided by coaches about their practices and prescription of specific 
dry-land resistance exercises. Twenty-three (n = 21 males, n = 2 females) elite swimming 
S&C coaches, from Ireland (n = 7), Great Britain (n = 5), Australia (n = 6) and the United 
States of America (n = 5) were recruited through their specific national governing bodies. 
Coaches completed an online questionnaire consisting of seven sections; participant 
information, informed consent, coach’s biography, coach education, current training 
commitments, dry-land resistance training practices and exercises and additional 
information. The results showed that coaches had varying levels of experience, education 
and worked with different level swimmers. A total of 95 dry-land resistance exercises were 
used by the coaches across 4 different dry-land resistance training practices (warm up, 
circuit training, traditional resistance training and plyometrics). Traditional resistance 
training (87 %) was the most commonly practised. The pull up and squat were the most 




research needs to focus on exploring and examining the specificity of resistance exercises 
to swimming performance.  
4.3 Introduction 
Resistance training is a fundamental component for all athletes competing at the highest 
level.  Research has shown that resistance training can enhance sporting performance 
(Rønnestad and Mujika, 2014) and reduce injuries (Lauersen et al., 2014). Resistance 
training improves physiological, biomechanical and neuromuscular qualities thus 
improving sporting performance (Goodwin and Cleather, 2016, Haff and Nimphius, 2012). 
The transfer of resistance training exercises to sporting performance is imperative with 
Bondarchuk (2007) highlighting that different exercises can be utilised for different stages 
of the training cycle. Furthermore, Verkhoshansky and Siff (2009) created the Dynamic 
Correspondence Theory and stated that exercise selection required a high level of 
specificity for transfer to occur. Gamble (2007) substantiates this point adding that 
biomechanical specificity is necessary to improve athletic performance. 
Chapter 2 explored the impact of dry-land resistance training interventions on swimming 
performance, showing significant improvements (Aspenes et al., 2009, Girold et al., 2012, 
Girold et al., 2007, Weston et al., 2015), when low volume, high force resistance training 
programmes are applied (Crowley et al., 2017). Consequently, many of these studies have 
not provided a clear rationale for why coaches choose specific dry-land resistance 
exercises. However, there is evidence within Table 4, that key dry-land resistance exercises 
are prescribed which have resulted in an improvement in swimming performance. Results 
from chapter 3 examining EMG similarity between front crawl swimming and dry-land 
resistance exercises, highlight similar traditional dry-land resistance exercises (i.e. chin up, 
pull up and bench press). These findings suggest that similar muscle activation between 
traditional dry-land resistance exercises and front crawl swimming leads to an improvement 
in swimming performance through traditional resistance training. Therefore, there is a need 
to investigate the practices and prescription of dry-land resistance training exercises among 
elite swimming S&C coaches. 
Several studies have investigated S&C training practices, across a range of sports including 
hockey (Ebben et al., 2004), strongman competitors (Winwood et al., 2011), basketball 




(Jones et al., 2016). These studies have provided a thorough overview of S&C practices 
and a source of new ideas to diversify and improve training practices. Olympic style 
weightlifting exercise featured prominently in several of the sports with a high percentage 
of coaches reporting its inclusion within their training programmes; rugby (90 %), rowing 
(87 %), basketball (95 %), and hockey (91 %). The squat and clean were reported to be the 
most important resistance exercises. More specifically, research on hockey and baseball 
highlighted that variations of the squat remain the most commonly used exercise.  Within 
basketball, the squat was considered the most important resistance exercise followed by 
lunges. This applied knowledge is important for scientists and S&C coaches alike. The 
exercises outlined in these studies also provide investigators with key information that can 
inform the design of future experimental trials examining the specificity of exercises to 
performance in the respective sports. 
Within high performance swimming, only two qualitative research studies have been 
published to date (McGowan et al., 2016a, Mooney et al., 2016), with no research 
investigating the dry-land resistance exercises and practices of elite S&C coaches. Chapter 
2 highlighted key gaps in the scientific literature on swimming that relate to the prescription 
and the effectiveness of resistance training programmes in improving swimming 
performance. The literature also reveals limited understanding of the mechanisms that 
improve swimming velocity and performance. Additionally, Chapter 3 highlights key dry-
land resistance exercises that have similar muscle activation prime movers as front crawl 
swimming. Therefore, the aims of this study were to examine (1) the dry-land resistance 
training practices and exercises used by elite swimming S&C coaches to improve 
swimming performance and (2) the rationale provided by coaches for their practices and 
prescription of specific dry-land resistance training exercises.   
4.4 Methods 
4.4.1 Research Approach 
A questionnaire (appendix 1.2) was devised to explore what dry-land resistance training 
exercises are being used by coaches and their rationale for using those exercises among 
elite swimming S&C coaches. The University of Limerick Ethics Committee approved this 
research and all participants were informed of the benefits and risks of the investigation 




methods the research was framed in the context of a research question rather than a leading 
hypothesis. The self-administered online questionnaire consisted of 21 questions, including 
9 multiple choice and 12 open-ended questions. The questionnaire was circulated to elite 
swimming S&C coaches through their national governing bodies and the results collated 
and analysed. 
4.4.2 Participants 
Twenty-three (n = 21 males, n = 2 females) elite swimming S&C coaches from Ireland (n 
= 7), Great Britain (n = 5), Australia (n = 6) and the United States of America (n = 5) 
participated in the study. Coaches were assessed for elite swimming S&C coaching 
experience before they were included in this study.   
4.4.3 Research Instrument 
The instrument, “The specificity of S&C training exercises to swimming performance”, 
was developed through a commercially available online survey generator (Survey Monkey 
Inc., San Mateo, California, USA) and included seven sections with 21 questions in total. 
The sections included; participant information, informed consent, coach biography, coach 
education, current swimming training commitments, dry-land resistance training practices 
and additional information. Pilot testing was conducted to ensure validity of the research 
instrument (i.e. appropriate wording, specificity and general suitability). The three 
members of the research team including two accredited swimming coaches and one 
accredited swimming S&C coach conducted the pilot testing. These pilot tests were 
conducted to ensure (1) the wording, language and terminology used within the 
questionnaire was appropriate, (2) the included questions were all suitable and applicable 
to the study aims and (3) that questions outside the scope or focus of this study were 
removed. In total, three pilot tests were completed and a number of edits were made to the 
questionnaire before the final version of the questionnaire was agreed and circulated.   
4.4.4 Procedures 
The research instrument was circulated with an introductory letter explaining the aims and 
objectives of the proposed research study. Coaches were recruited through the following 
swimming organisations; Swim Ireland, British Swimming, United States of America 




within each organisation to all elite swimming S&C coaches in September 2016. Follow 
up emails to encourage non-responders to complete the research instrument were sent one 
month following the initial invitation. Additional attempts were made to contact the 
coaches who did not respond, through direct emails from the head S&C of the specific 
organisation. The data collection concluded on the 1st of December 2016. The 
questionnaires were collected and analysed through Survey Monkey and Microsoft Excel. 
Only fully completed questionnaires were included in the final analyses. 
4.4.5 Statistical Analysis 
Descriptive analysis was conducted on open-ended and closed questions. Thematic analysis 
was applied to the qualitative data, following the guidelines set out by Braun and Clarke 
(2006) which include six phases; (1) familiarisation with the data, (2) generating initial 
codes, (3) searching for themes, (4) reviewing themes, (5) defining and naming themes and 
(6) producing the report. Frequency analysis was the primary form of quantitative analysis 
used to represent the data. A scoring system was used to determine the top ranked dry-land 
resistance exercises. The top ranked exercise by coaches were given 10 points and the tenth 
ranked exercise given 1 point, with the scores then accumulated for each exercise. The 
exercise that had the most points was ranked as the number one exercise, the exercise with 
the second highest points was ranked as the number two exercise and so on. 
4.5 Results 
4.5.1 Coaches Background Information 
71 swimming S&C coaches were contacted with 23 (32.4 %) coaches meeting the inclusion 
criteria and completing the research instrument, see appendix 1.3. The mean coaching 
experience of the elite swimming S&C coaches was 6.24 ± 5.5 years. The coaches recruited 
were from different athletic backgrounds with rowing (18.20 %), weightlifting (18.2 %) 
and football (18.1 %) being the three most popular sporting backgrounds. Coach education 
was similarly widespread with the following accreditations being most prominent; National 
S&C Association (NSCA) (29.2 %), United Kingdom S&C Association (UKSCA) (22 %) 
and Australian S&C Association (ASCA) (7.3 %). Coaches reported their primary sources 
of information/education as: experience (52.4 %), other coaches (14.3 %) and academic 




The coaches included in this research had coached swimmers at regional (4.6 %), national 
(59.1 %) and international (36.4 %) levels. Swimmers swam 9.5 ± 0.8 (International), 8.5 
± 1.5 (National) and 7.5 ± 0.7 (Regional) times per week and trained 19 ± 1.5 
(International), 15 ± 2.8 (National) and 15 (Regional) hours per week.  
4.5.2 Dry-land Resistance Training Aims 
The coaches were asked to report their aims in prescribing dry-land resistance training and 
to provide detail on their perceived benefits of dry-land resistance training. The three higher 
order themes were; (1) performance, (2) robust swimmers and (3) injury prevention. 
Performance was the most commonly mentioned theme with the primary explanation 
typically represented by Coach #2: “increase the amount of power swimmers produce using 
muscle groups which are required in their main strokes”. The coaches stated that it was 
important “to create athletes that are robust and can train and compete at their own sport. 
Athletes improve by doing their sport. S&C allows them to do it more and with better 
quality” and “to build more robust motor patterns in water”. The primary reasons for 
producing a robust athlete were to “enhance the durability of the swimmer”, “to optimally 
prepare the athlete for the rigors of competition in the short and long term” and “to 
increase physical capacity to tolerate swimming training and increase strength/power to 
improve performance”. Coach #11 stated that the purpose of dry-land training was “to 
develop strong, robust and injury free athletes capable of tolerating the load and volume 
required to sustain a high level of performance throughout training, camps and 
competitions”. In summary, coaches proposed the inclusion of dry-land resistance training 
programmes to improve the swimmer’s power, strength and physical capacity while also 
creating a robust and injury free swimmer. 
4.5.3 Dry-land Resistance Training Practices 
The coaches reported that the swimmers completed several forms of dry-land resistance 
training including dry-land warm ups, circuits (i.e. several dry-land resistance training 
exercises completed in a systematic order with brief rest intervals and repeated a number 
of times), traditional resistance training (gym based resistance training exercises) and 
plyometrics (table 7). Flexibility, mobility, Pilates/Yoga, additional cardiovascular training 
and recovery strategies were also reported by the coaches but were excluded as these 




Table 7: Dry-land resistance training practices, number of sessions prescribed per week 






Selected by Coach % 78.3 39.1 86 8.7 
Sessions/Week Min 5.7 ± 3.1 1.6 ± 0.7 2.8 ± 0.6 2 ± 0 
Time per Session Min 12.9 ± 7.2 33.2 ± 16.9 56.2 ± 15.5 32.5 ± 10.6 
Minute (Min).  
A thematic analysis was conducted on the specific dry-land resistance training practices 
data (figure 3). In total, 13 higher order themes were identified across the 4 dry-land 
resistance training practices. Within the 13 higher order themes, 3 higher order themes were 
common between multiple (≥ 2) training practices.  
 
Figure 3: Diagrammatic representation of the higher order themes identified across all 4 
training practices. 
4.5.4. Dry-land Warm Ups 
Coaches were asked to report their aims for prescribing dry-land warm ups and the four 
higher order themes were; (1) preparation, (2) metabolic adaptations, (3) improving range 




for swim sessions, both physical preparations to activate movements and positions 
performed in the pool as well as body and mind preparation. Key mechanisms reported 
included; increasing blood flow, raising one’s heart rate, priming the central nervous 
system (CNS) and increasing arousal. Coaches reported that it was important to “get the 
body’s joints into a swimming specific position” and “to help swimmers achieve the range 
of motion required to swim well”. The coaches reported that specific activities including 
improving posture, mobilising the movements (i.e. joints) and positions performed in the 
pool and increasing range of motion in the shoulders and hips were key goals. Injury 
prevention was another key theme and in dry-land warm ups, the main aims reported by 
the coaches were to activate the shoulder and hips, activate non-dominant muscles and 
improve movement quality. 
4.5.5 Circuits 
Coaches were again asked to report their aims for prescribing circuit training. The three 
higher order themes were; (1) metabolic adaptations, (2) robust swimmers and (3) strength 
development. The coaches reported that circuit training was an additional training practice 
“to develop metabolic systems” and provides a “metabolic challenge”. Coaches reported 
specific metabolic adaptations such as an “efficient use of time while working to increase 
aerobic capacity and maintain or develop strength and muscular endurance”. Coaches 
also reported that circuit training increases "cardiovascular and muscular tissue 
conditioning” and improves “strength/quality of movement”. These improvements are 
believed to “improve robustness and tolerance to load”. 
4.5.6 Traditional Resistance Training 
Coaches were asked to report their aims for prescribing traditional resistance training. The 
five higher order themes were; (1) strength development, (2) power development, (3) 
neuromuscular development, (4) improve specific tissue properties and (5) performance 
enhancement. Coaches reported that traditional resistance training increases “performance 
in starts and turns and free swimming” and ultimately enhances swimming performance. 
There were 4 primary adaptations to traditional resistance training reported; strength 
development, power development, neuromuscular development and improving specific 
tissue properties. Coaches reported their reasons for prescribing traditional resistance 




and improve posture”, (2) “improve ligament/tendon strength” and “increase force 
production”, (3) “increase torso strength, positional awareness and mobility”, (4) 
“increase ability to generate force and power”, (5) “to develop a strong and powerful 
athlete that can hold good positions in the water as well as improve all the skilled aspects 
of swimming, dives, turns.. etc.”, (6) “to improve neuromuscular capacity so that training 
tasks become more submaximal or can be performed with greater intensity” and (7) “to 
create muscular adaptations so that tissue becomes more able to deal with load”. 
4.5.7 Plyometrics 
Coaches were asked to report their aims for prescribing plyometrics. One higher order 
theme emerged; power development. Coaches reported that plyometrics “increased RFD” 
and improved “speed and power” development. 
4.5.8 Dry-land Resistance Training Exercises 
The coaches provided an extensive list of dry-land resistance exercises that they prescribed 
as part of their dry-land resistance training programme. 95 dry-land resistance exercises in 
total were reported and these were divided into 18 sub categories (figure 4). 
 













































From the list of dry-land resistance exercises, coaches were asked to rank their top 10 
exercises in relation to specificity to swimming performance. Each exercise was ranked 
appropriately and the top 25 exercises displayed (figure 5). 
 
Figure 5: The percentage of coaches that believe selected dry-land resistance training 
exercises best transfer to improving swimming performance. 
4.5.9 Coaches Additional Information 
Coaches were asked to provide any additional information that they felt was important in 
relation to the transfer of dry-land resistance exercises to swimming performance. Five 
themes emerged: (1) transfer, (2) co-ordination and awareness, (3) correlations between 
resistance training exercises and swimming performance, (4) robust swimmers and (5) 
athlete monitoring. 
In relation to the issue of transfer, it was deemed by some coaches as “difficult to measure” 
with water providing “an unnatural movement to humans and cannot be replicated in the 































































behaves differently in water to what it does on land”. Some coaches expressed that the 
primary purposes of dry-land resistance training were to improve “general physical 
qualities”, “work on capacity rather than the specific medium of training”, “get them 
strong, different stimulus from the pool” and “global strength and co-ordination”. Coaches 
also outlined that co-ordination “is so different” on land compared to water and therefore, 
“exercises to improve kinaesthetic awareness on land, torso stability during motion and 
coordinated full body movement will be the most transferable”.  Coaches reported that 
swimmers competing in the sprint events have been known to show greater transfer 
compared to swimmers competing in endurance events with the more technical swimmers 
showing greater transfer. This was affirmed by Coach #22 “I have found that more 
technical swimmers are better at transferring S+C (S&C) work into the pool”. This point 
is further reaffirmed by another coach that “technique is king in swimming”.  
Coach #2 stated that “1 RM squat, lean mass and peak power have the strongest 
correlations to start times. Bench press, arm span and lean mass correlate the best to peak 
swim velocities.” Whilst Coach #4 stated that they had “not seen any clear relationships 
between RT exercises and swimming performance, more a product of relative strength, 
body fat % and RFD”.  
Open questions within the questionnaire highlighted that dry-land resistance training is 
prescribed to create robust swimmers with one coach reporting that “Athlete gets stronger 
and more robust through S&C. Can practise swimming and dives more with greater force 
and quality with less incidence of injury and as a result, becomes a better swimmer.” This 
may be one of the primary reasons that transfer of resistance exercises to swimming 
performance can be observed as swimmers spend more time swimming rather than being 
injured or sick, a point reinforced by Coach #16, “Majority of time we are only using the 
gym to build a robust athlete and the transfer is that they can do more swimming sessions 
(don't miss any due to injury) and thus improve sprinting performance.”  
Athlete monitoring was highlighted as an important tool when prescribing dry-land 
resistance training programmes. For this to be successful, communication between the 
swimming coach and S&C coach was considered key to “understand the coaches’ 
programme and listen to your athletes”. Another coach reported that “it is important for 
the S&C coach and swimming coach to have a very close relationship to ensure that what 




are monitoring our training and reviewing what has worked with each athlete and what 
has not. If we are not monitoring, then we are just guessing as to whether our programmes 
are working or not.”  
4.6 Discussion 
This is the first comprehensive study exploring dry-land resistance training practices in 
swimming. The findings of this study show that elite swimming S&C coaches have varying 
backgrounds, levels of experience and education. The sample size of this study (n = 71) is 
consistent with previous literature; however, the response rate of 32.39 %, is considerably 
lower. S&C research in other sports show greater response rates including; basketball (68.9 
%) (Simenz et al., 2005), strongmen (100 %) (Winwood et al., 2011), hockey (76 %) 
(Ebben et al., 2004), baseball (70 %) (Ebben et al., 2005), rowing (59.3 %) (Gee et al., 
2011) and Rugby union (83 %) (Jones et al., 2016). The lower response rate in this study 
is likely due to the lack of coach respondents achieving the very specific ‘elite’ inclusion 
criteria set in this research study. 
The results of this study highlighted that the competition level of the swimmer is directly 
proportional to the number of sessions and training hours completed per week. There was 
a wide range of coaching experience across the group (6.2 ± 5.5 years) with the NSCA 
accreditation being the most popular S&C accreditation among the elite swimming S&C 
coaches in this study (29 % of coaches). 52.4 % of coaches reported that coaching 
experience was their number one source of information, while only 9.5 % of coaches 
reported using academic journals as their primary source of information. Relying only on 
other coaches’ experience as a primary source of information has the potential to poorly 
inform coaches due to an over-reliance on information from opinion pieces, blogs, social 
media, etc. Some uncritical and pseudo-science documents also appear in these sources 
which can be misleading.  Coach education therefore, needs to draw on more objective, 
evidence-based sources of information. Coach education programmes need to be critically 
reviewed and regularly updated as the scientific evidence evolves to encourage current 
knowledge exchange based on scientific rigor and merit.   
4.6.1 Dry-land Resistance Training Practices 
Prescription of traditional resistance training (86 %) and dry-land warm ups (78.3 %) were 




swimming S&C coaches in this study. Dry-land warm-up routines are prescribed to 
increase core temperature and to improve metabolic, neural and physiological mechanisms 
(McGowan et al., 2015), all of which were reasons given by coaches in this study. Coaches 
reported that dry-land warm-ups were prescribed as a preparation tool. A review paper from 
Neiva et al. (2014) concluded that dry-land warm-ups have no significant effect on 
swimming performance, with research studies showing improvements in swimming 
performance while using a swimming warm-up or a dry-land warm-up only but not both 
(Romney and Nethery, 1993). More recently, McGowan et al. (2016a, 2016c) found a 0.7-
0.8 % improvement in sprint front crawl performance with the inclusion of dry-land based 
activation exercises pre-race following a swimming specific warm-up. The exercises 
completed within the dry-land routine were designed to simulate common swimming 
movements including; 3 × medicine ball (2 kg) throw downs, 3 × 10 second simulated 
underwater butterfly kick with oscillation device above one’s head and 3 × 0.4 m box jumps 
(McGowan et al., 2016b, 2016c). This protocol aligns with the coaches’ beliefs that dry-
land warm-ups are an important component of a swimmer’s training schedule, to compete 
at the highest level. They also provide an invaluable opportunity to implement injury 
prevention exercises within the training programme. 
Circuit training includes a cardiovascular element to dry-land resistance training and 
consists of numerous dry-land resistance training exercises, using light loads (40-60 % 1 
RM) and brief rest intervals with circuits performed a number of times per session (Gettman 
et al., 1977). Circuit training has been shown to improve general conditioning but more 
specifically body composition, muscular strength, muscular endurance and cardiovascular 
fitness (Ballor et al., 1987), which is in line with what the coaches reported. Research 
focussing on improving VO2max however, has been inconclusive to date with one such 
study finding that trained athletes show no improvement in VO2max through circuit 
training (La Torre et al., 2008); however, circuit training may improve metabolic 
adaptations such as an athlete’s buffering capacity (Gotshalk et al., 2004). While this does 
not provide the same sport-specific stimulus as swimming training, it may be a useful tool 
to promote metabolic adaptations and build training capacity. The coaches reported that 





Coaches reported that transfer was most important in starts and turns and this is borne out 
in the current literature on swimming (Bishop et al., 2009). Low volume, high velocity or 
force resistance training programmes resulted in significant improvements in swimming 
performance when dry-land resistance exercise selection was specific to the swimming 
event, muscle groups and swimming velocity (Crowley et al., 2017). The improvement in 
swimming performance can be seen due to a large increase in strength development, power 
output and neuromuscular function, which is in line with the views of several of the elite 
swimming coaches in this study.  Several studies (Aspenes et al., 2009, Girold et al., 2012, 
2007) provide supporting evidence for this. A level of monitoring to avoid excessive fatigue 
is required and the coaches reported that communication between the S&C coach and 
swimming coach is important in this respect.   
Plyometric training is a sport specific practice used across a wide range of sports that 
utilises the stretch shortening cycle (SSC) to produce high levels of force. The elite 
swimming S&C coaches in this study reported that plyometrics were used to improve RFD 
and power. Within the swimming literature, plyometric training research studies are few 
and primarily focus on improving swimming start performance. Rebutini et al. (2016) 
found that plyometric long jump training improved lower limb joint torque and improved 
swimming start performance with Bishop et al. (2009) showing a positive effect of 8 weeks 
of plyometric training on swimming start performance through explosive power training. 
Studies of this nature and the findings need more critical scrutiny, as swimming starts (set 
position) show no clear SSC action. The relevance of plyometric training to swimming 
performance therefore remains unclear, with turns being the only clear component of a 
swimmer’s race where the SSC may occur.  
4.6.2 Resistance Training Exercises 
The selection of the appropriate dry-land resistance exercises is important for any elite 
swimming S&C coach. Research has highlighted key dry-land resistance exercises that 
show positive relationships to swimming performance. Correlation based studies 
predominate this research and it is possible that many coaches interpret high correlations 
as strong evidence of transfer of training to performance. However, such interpretations 
could be naive since the existence of high correlations does not imply causation and 
associations between training activities and improved performance could be coincidental 




performance should be based on controlled experimental designs but such studies on 
swimming are very limited. Additionally, the mechanisms of transfer need to be uncovered, 
such as specificity, to understand the transfer effect. Specificity includes both 
biomechanical and physiological specificity with several models proposed as previously 
outlined in Chapter 1. The investigation of these concepts begins to uncover the causation 
of improving swimming performance through dry-land resistance exercises. 
The coaches in this study reported a total of 95 dry-land resistance exercises with the pull 
up and squat being the top two ranked exercises. Pull ups have been shown to be moderately 
correlated (r = 0.34) to 1 RM latissimus pull down (La Torre et al., 2008), which has been 
correlated to swimming performance (Morouço et al., 2011). This was again emphasised 
by the coaches in this study who reported the latissimus pull down to be the sixth most 
transferable dry-land resistance exercise. EMG data has reported that the latissimus dorsi 
is one of the primary muscle groups activated while swimming, showing high muscle 
voluntary contractions across the four swimming strokes (Martens et al., 2015b). Other 
exercises with similar kinematics to latissimus pull downs include medicine ball slams, 
straight arm pull downs and dumbbell pullovers. However, it is important to note that 
kinematic similarity does not mean exercise specificity.  
Several variations of squats are included within the top 25 ranked exercises, such as squat 
jumps and split squats. Keiner et al. (2015) suggested that a 1 RM parallel squat could be 
a key performance indicator for swimming performance. Researchers have found a strong 
correlation (r = 0.74) between the 1 RM back squat and 15 m swimming performance (West 
et al., 2011).  Bishop et al. (2013) stated that the back squat and deadlift provide the 
necessary foundation for developing the gluteal complex and quadriceps. Deadlifts were 
ranked as the fifth most transferable dry-land resistance exercise with squats and deadlifts 
working as antagonist pairs of the lower body (Clark et al., 2012, Wright et al., 1999). Other 
exercises reported include; (1) core exercises, (2) Olympic lifts, (3) plyometrics and (4) 
upper body push and pull exercises. Core exercises reported included core control and 
plank variations. Weston et al. (2015) showed that a 12 week isolated core training regime 
induced large improvements (2.7%) in 50 m swimming performance. Dingley et al. (2015) 
found similar results with an increase in swimming performance and this was largely 
attributed to an increase in core stability of paraplegic athletes. In this study, exercises such 
as prone bridge, side bridge, bird dog, sit and twist and straight leg raises improved stability 




The derivatives of Olympic lifts make up most dry-land resistance exercises and involve 
using a range of loads to produce high velocity, force and power outputs (Hoffman et al., 
2004). Verkhoshansky and Siff (2009) encouraged the inclusion of multi joint exercises to 
promote co–ordination and synchronisation of the neuromuscular system, which has been 
linked to improving athletic performance (Haff and Nimphius, 2012). EMG data has shown 
high muscular activity of the latissimus dorsi during the first two phases of both the snatch 
and clean and jerk (Narayana, 2010).  
Several variations of plyometric training and plyometric exercises (both upper and lower 
body) were reported by the coaches in this study. Several plyometric exercises were 
reported, with the upper body exercises including medicine ball throws and slams. Lower 
body exercises included jumps, depth jumps and squat jumps. Medicine ball throws 
(Garrido et al., 2010b), jumps, squat jumps (Bishop et al., 2009, Potdevin et al., 2011), 
depth jumps (Potdevin et al., 2011), long jumps (Potdevin et al., 2011, Rebutini et al., 2016) 
have all been shown to improve swimming start performance. Both Garrido et al. (Garrido 
et al., 2010b) and Potdevin et al. (Potdevin et al., 2011) prescribed a plyometric training 
programme and showed significant improvements in swimming start performance. 
Traditional resistance exercises include both vertical and horizontal push and pull upper 
body exercises. Pull exercises are potentially kinematically similar in nature during the pull 
phase of the front crawl propulsive phase and push exercises being kinematically similar 
during the push phase of the front crawl propulsive phase. However, the dynamic 
environment created by water makes kinematic similarity much more challenging, for 
example, the push phase (arm extension) of the front crawl, backstroke and butterfly strokes 
may represent the push phase of the bench press exercise. The bench press was moderately 
associated with 25 m and 50 m swimming performance tests (r = 0.58 and 0.59, 
respectively) (Garrido et al., 2010a) with Keiner et al. (2015) showing that a 1 RM bench 
press and bent-over row could be key performance indicators of swimming performance.  
4.7 Conclusion 
This study provides a comprehensive insight into the prescription of dry-land resistance 
exercises and training practices of elite swimming S&C coaches. Pull ups and squats were 
the most popular dry-land resistance training exercises with traditional resistance training 
and dry-land warm ups the most common dry-land resistance training practices. 




resistance exercises, with the upper body musculature previously being highlight as 
important in overall propulsion during front crawl swimming performance. These findings 
support the findings within Chapter 3. This study highlights the need for coaches to have a 
clear understanding of the mechanisms that occur during sport specific movements. 
Furthermore, coaches need to perform a detailed needs analysis before prescribing dry-land 
resistance training programmes as water sports provide a unique challenge to the S&C 
coach. To facilitate this, coach education needs to draw on more objective sources of 
information and needs to be critically reviewed and regularly updated as the scientific 
evidence evolves. Therefore, the need for a greater insight into the specificity relationship 


















































The previous chapters have highlighted that traditional resistance training through low 
volume, high force, swim specific resistance training programmes, showed a positive 
transfer to swimming performance. Furthermore, traditional dry-land resistance exercises 
(i.e. chin up, pull up and bench press) were shown to activate similar prime movers as front 
crawl swimming. Further analysis shows that these dry-land resistance exercises are 
frequently included within the traditional resistance training interventions that improved 
swimming performance. The previous chapter found that pull ups and bench press were the 
most popular upper body dry-land resistance exercises prescribed by elite swimming S&C 
coaches. This chapter highlighted the need for coaches to have a clear understanding of the 
mechanisms that occur during sport specific movements. Additionally, neuromuscular 
adaptations have been identified as a key variable in the improvement of swimming 
performance through dry-land resistance training throughout chapters 2 and 4. Therefore, 
the identification of specificity requires the comparison of EMG between dry-land 
resistance training and front crawl swimming. The development of a method to investigate 
specificity requires the collection of EMG and kinematic data to identify events within the 
data set. This series of pilot testing will inform the data collection and analysis procedures 
that follow in the subsequent empirical chapters in this programme of research. 
5.2 Introduction  
The review of the literature, Chapter 2 and 3, would suggest that the exploration of muscle 
activations between dry-land resistance exercises and front crawl swimming is required to 
uncover the neuromuscular specificity. EMG can be defined as an experimental technique 
used for studying muscle function through the detection, recording and analysis of 
myoelectric signals (motor action potentials) which produce contraction of the muscle 
fibres in the body (Basmajian and De Luca, 1985). The EMG signal represents the electrical 
signal generated by skeletal muscles and detected over the skin surface. It can provide 
information to detect muscle activation intervals as well as to study neural control strategies 
and neuromuscular system properties. All this information is of great importance in fields 
such as rehabilitation, ergonomics, sports medicine, physiotherapy, neurophysiology and 




Knowledge gained from EMG measurements contributes to a better understanding of co-
ordination, co-activation and intensity of activity in muscles and their relative contribution 
to overall propulsion. This in turn can help coaches and athletes to better plan training 
interventions, to focus on a particular cycle phase, train specific muscle groups and use 
specific equipment to improve technique (Hug and Dorel, 2009). The waterproofing of 
EMG electrodes is challenging with the avoidance of water infiltration and the cohesion 
between the electrode and the skin is imperative. Veneziano et al. (2006) underlined three 
primary factors that could impact the recording of EMG in the water: (1) the buoyancy 
effect in water can reduce the actual force produced compared to measuring in air; (2) 
differences between water and air temperature can further increase heat transfer in water; 
and (3) waterproofing electrodes with adhesive protection needs to be applied to land-based 
testing as well since the adhesive protection can introduce differences in electrode pressure 
on the skin. These method-related considerations in the application of EMG electrodes are 
important during the collection of EMG data in water.  
The aim of this Chapter was to establish a robust and valid method to collect EMG data 
during front crawl swimming combined with conducting bench press and pull up exercises 
in a randomised order. The design of a testing protocol requires a series of pilot testing to 
bridge the gaps outline in the previous Chapters. Previous research conducted by Olstad 
(2016) and Martens et al. (2015a, 2016) recorded surface EMG whilst investigating 
breaststroke and front crawl swimming, respectively. These methods have formed the 
foundation for the pilot testing conducted in this research study. The subsequent sections 
describe the steps taken to produce a method of collecting and analysing EMG data. The 
University of Limerick Ethics Committee approved this research and all participants were 
informed of the benefits and risks of the investigation prior to providing written informed 
consent (appendix 2.1). 
5.3 Pilot Studies 
5.3.1 Pilot study 1 
Introduction 
The objective of pilot study 1 was to determine the feasibility of using a wireless EMG unit 




Inc., Boston, MA) was trialled to explore whether this system would function and operate 
whilst submerged underwater.  
Methods 
The first pilot study was undertaken in a laboratory setting where the EMG electrode was 
attached to the participant’s (age: 20 years; height: 1.79 m; mass: 79.4 kg; arm span: 1.85 
m) skin at the extensor digitorum of the forearm. Normal skin preparation procedures were 
applied; dry shaved with disposable razors and cleaned with a 70 % alcohol solution for 
removal of hair and dead skin (Hermens et al., 2000). An adhesive waterproof tape was 
applied to protect the wireless units. In trial 1, the participant submerged their forearm 
beneath the water surface of the basin (figure 6). Their forearm remained submerged for 30 
seconds and was removed to check for water infiltration under the adhesive waterproof 
tape. A subsequent trial (trial 2) was conducted whereby the participant submerged their 
hand in the water again and repeatedly clenched their first for 30 seconds. During this trial, 
the Delsys Wireless EMG recorded for 30 seconds. 
Results/Conclusion 
The results of this pilot study found that during trial 1 when the waterproof adhesive tape 
was removed, to check for the infiltration of water, no water was observed beneath the 
waterproof adhesive tape. Similarly, during trial 2 when the waterproof adhesive tape was 
removed there was no water observed. Furthermore, the recording of muscle activations 
during trial 2 showed that a clear EMG signal was observed. In conclusion, the waterproof 
adhesive tape prevented the infiltration of water, to the electrode, during static and dynamic 
movements of the extensor digitorum of the forearm. These findings would suggest that 






Figure 6: Submerging of Delysis wireless EMG electrode to trial the waterproofing of the 
electrode. 
5.3.2 Pilot study 2 
Introduction 
The objective of pilot study 1 was to determine the feasibility of using a wireless EMG unit 
in the swimming pool. Therefore, the Delsys Trigno Wireless EMG system was trialled in 
the swimming pool to access the feasibility of the system.  
Methods 
Four electrodes were attached on the participant (age: 20 years; height: 1.79 m; mass: 79.4 
kg; arm span: 1.85 m) at the triceps brachii, biceps brachii, pectoralis major and upper 
trapezius (figure 7), with normal skin preparation procedures applied (Hermens et al., 
2000). These muscles were chosen as the previous literature has highlighted that the 




The electrodes were covered with the same waterproof adhesive tape used in pilot study 1. 
During trial 1, the participant entered the water and with a snorkel remained submerged 
beneath the water in a supine position with their hands out stretched for 30 seconds (Olstad, 
2016).  During trial 2, the participant repeated trial 1 but during this trial the recording of 
EMG signals was conducted for 30 seconds. Finally, trial 3 recorded EMG data during a 
25 m front crawl swim at the participants perceived slow pace (figure 8). During the 25 m 
swim the data logger was kept as close to the participant as possible to optimise the 
transmission of the data signal.  
 
Figure 7: Waterproofing wireless EMG using adhesive waterproof tape. 
Results/Conclusion 
The results of pilot study 2 found that the waterproof adhesive tape did not allow the 
infiltration of water during trial 1. Trial 2 found that, through visual inspection of the data, 
the electrodes closest to the water surface (i.e. upper trapezius) recorded clear and distinct 
muscle activations. Additionally, it was found that the electrodes submerged beneath the 
water surface (i.e. pectoralis major) did not present clear linear envelopes in comparison to 
electrodes at the water surface. Similarly, during trial 3 when the EMG electrodes were at 
or above the water surface (i.e. the recovery phase) clear linear envelopes were recorded 
but once the electrodes were beneath the water surface (i.e. the propulsive phase) the linear 
envelope was not clear.  In conclusion, the waterproof adhesive tape prevented the 
infiltration of water, to the electrode, during static and dynamic movements within the 
swimming pool. Furthermore, the wireless EMG system was unable to record EMG data 




EMG system is unsuitable for this research study and the pilot testing of a wired EMG 
system will be required.  
  
Figure 8: Participant completing 25 m front crawl swim whilst collecting wireless EMG 
data. 
5.3.3 Pilot study 3 
Introduction 
The objective of pilot study 3 was to establish a method of obtaining EMG data during both 
the recovery and propulsive phase of front crawl swimming. The Noraxon, Myosystem 
1400A (Noraxon, Scottsdale, USA) is a wired EMG unit consisting of both waterproof 







The Noraxon, Myosystem 1400A was trialled the same as pilot study 1 and 2. The Noraxon, 
Myosystem 1400A is a wired EMG system and requires the concealment of two electrodes. 
The two electrodes required one wire to run off each electrode (figure 9). The concealment 
of the data logger required the orderly arrangement of the EMG wires from the electrode 
placement sites (figure 10). The participants required slack where the wires went over and 
around the shoulders to allow for the rotation of the arms. Olstad (2016) conducted a similar 
investigation but on breaststroke swimming and placed the data logger within a waterproof 
bag. This plastic bag had several holes to allow for the exit of the electrode wires and then 
the data logger was contained within. This researched study, using a similar design outlined 
by Olstad (2016), included three separate waterproof bags; first bag contained the data 
logger inside, the second bag had several holes coming out for each electrode and the third 
bag had the same design, to ensure no infiltration of water into the data logger. In the event 
of any water leakage through the first bag, the second bag would protect the data logger, as 
the data logger was concealed within the third bag. The data logger was placed under the 
swimmer’s hat, as outlined by Olstad (2016). Additionally, during pilot study 3, the wire 
attached from the data logger, enclosed beneath the hat of the swimmer, extended to the 
pool deck. This wire was held up by a rod to ensure that the wire did not impede on the 
participant during the recovery phase of front crawl swimming. 
 







The results of this study outline the suitability of the Noraxon, Myosystem 1400A to obtain 
EMG data whilst front crawl swimming. During trial 1 and 2, no infiltration of water was 
observed. However, during trial 3, whilst the participant was swimming front crawl, an 
infiltration of water was observed. In conclusion, to counteract the infiltration of water two 
layers, one smaller and one larger, of waterproof adhesive tape were applied to each 
electrode placement site (figure 9). This created a concealment around the electrodes and 
even though water infiltrated through the first layer of waterproof adhesive tape, there was 
no infiltration through the second layer of waterproof adhesive tape. Therefore, the 
Noraxon, Myosystem 1400A was now suitably waterproofed to record EMG data with the 
next step to trial the recording and collection of EMG data.  
 
 




5.3.4 Pilot study 4 
Introduction 
The objective of pilot study 4, following on from the completion of pilot study 3 was to 
design a protocol to collect EMG data. The collection of EMG data requires the additional 
collection of 2D data to define events. The 240 Hz GoPro (GoPro, Inc., San Mateo, 
California) camera was facilitated by an in-house camera system. This camera was used 
beneath the water surface and an additional a 240 Hz Casio (EX-ZR800, Casio Computer 
Co., Ltd., Tokyo, Japan) camera was used to collect data over the water surface.  
Methods 
Twelve participants (mean ±SD age: 17.7 ± 2.2 years; height: 1.83 ± 0.06 m; mass: 74.65 
± 5.53 kg; arm span: 1.89 ± 0.58 m) performed a standardised warm up (1,000 m), followed 
by 3 × 35 m sub-maximal swimming bouts. Before the standardised warm up, the electrodes 
were waterproofed and connected to the data logger. The data logger was secured under the 
participant's hat in the waterproof bag. The signals were telemetrically transmitted in real 
time. The Go-Pro camera was attached to an in-house camera system that tracked the 
participant as they swam from 0 m to 35 m. The Casio camera was set up on a tripod at the 
far side of the swimming pool and recorded a 10 m segment between 12.5 and 22.5 m. 2D 
video analysis was conducted and synchronised to the Noraxon, Myosystem 1400A using 
a light emitting diode (LED) trigger system (figure 11). This trigger system required the 
prior recording of the EMG system, before each trial, with the LED trigger being activated 
and recorded by both camera systems. The influx on the EMG recordings provided the 






Figure 11: Synchronisation of the GoPro camera, Casio camera and EMG through an LED 





Figure 12: Synchronisation of the GoPro camera, Casio camera and EMG through an 
LED trigger device visualised through the Noraxon Myosystem 1400A. 
The Casio camera collected data to calculate SL, SR and maximum swimming velocity. 
These biomechanical parameters were calculated across three stroke cycles for 12 
participants within the study (table 6) and section 6.4.1 provides information on the 
participants. The Go Pro camera was used to identify event cycles and phase events. It is 
important to note that the participant started from a “dead start” meaning no push off or 
dive to eliminate the impact of ground reaction forces. To calculate the participant’s 
biomechanical parameters (e.g. SL, SR and velocity), the distance within this segment was 
normalised using a known distance and the number of pixels calculated for this known 
distance. The participant was instructed to follow the same swim path on each trial. This 
was highlighted by a black line on the pool floor and was assumed that the swimmers would 




Table 8: The calculation of biomechanical parameters across the participants. 
Participant SR SL SI Maximum Velocity  
s m m/m.s-1 m.s-1 
1 1.22 1.95 3.15 1.61 
2 1.17 2.05 3.69 1.80 
3 1.21 2.14 3.75 1.76 
4 1.08 1.91 3.34 1.75 
5 1.18 1.93 3.26 1.68 
6 1.15 2.02 4.01 1.98 
7 1.12 1.98 3.55 1.79 
8 1.19 2.13 3.83 1.80 
9 1.03 1.79 3.12 1.74 
10 0.97 1.75 3.05 1.75 
11 1.16 2.10 3.76 1.79 
12 1.12 1.98 3.55 1.79 
Mean 1.13 1.98 3.50 1.77 
SD 0.07 0.12 0.31 0.09 
 
Results/Conclusion 
In conclusion, the data collected showed clear linear envelopes with peaks and troughs. 
However, for trials going forward, EMG electrode application would take place after the 
standardised swimming warm up to reduce interference that resulted in distorted EMG 
signals due to movement and environmental factors. The camera set up, of the Go-Pro and 
Casio camera, recorded events and technical parameters, respectively. With the above data 
collection protocol within the swimming pool the design of a similar protocol for the 





Figure 13: Dead start position and following the black line below. 
5.3.5 Pilot study 5 
Introduction 
The objective of pilot study 5 was to establish a protocol to collect dry-land resistance 
exercises data. The 5 RM was selected as the participants included within this study were 
most commonly trained within this set range and the duration of time to complete the 5 RM 
was comparable to the 35 m maximal swimming bout. Furthermore, the 5 RM was 
performed for a similar duration as the 35 m maximal swimming bout. Therefore, the 
calculation of the 5 RM was required. 
Methods 
Twelve participants (mean age: 17.7 ± 2.2 years; height: 1.83 ± 0.06 m; mass: 74.65 ± 5.53 
kg; arm span: 1.89 ± 0.58 m) completed a 5 RM test for both bench press and pull up, using 
adapted NSCA guidelines (Haff and Triplett, 2015). The protocol was as follows: warm up 
with a light resistance for 10 repetitions, with a 1 minute inactive recovery period. An 




adding 5-10 kg, with a 2 minute inactive recovery period. This was followed by 
conservative estimated near maximal load that allowed the athlete to complete 5 repetitions 
by adding 5-10 kg, 2-4 minute inactive recovery period. The load was then increased by 5-
10 kg and attempt at a 5 RM, followed by a 2-4 minute inactive recovery period. If the 
participant was successful, this was repeated. However, if the participant failed the load 
was reduced by 2.5-5 kg and a further 5 RM was attempted.  
Results/Conclusion 
In conclusion, the 5 RM was established 48 hours prior to completing this research study 
protocol as this eliminated the effects of residual fatigue. The 5 RM was used to prescribe 
the load for each of the participants during this research study. Therefore, it was now 
necessary to design a protocol to record and collect EMG data while conducting dry-land 
resistance exercises (figure 14 and 15). 
 





Figure 15: Recording of EMG signal whilst performing the pull up exercise. 
5.2.6 Pilot study 6 
Introduction 
The objective of pilot study 6 was to design a protocol to record EMG data while 
conducting dry-land resistance exercises (i.e. bench press and pull up). The protocol design 
was required to allow participants to complete both exercises, either before or after the 






The participant performed a standardised warm up (1,000 m), followed by the application 
of the EMG electrodes with the adhesive waterproof tape applied. The data logger was held 
by an assistant researcher or placed in a careful location while conducting the dry-land 
resistance exercises (figure 13). The participant completed the dry-land preparation 
programme (3× (5/leg x lunges, 5 × push ups and 5 × face pulls)).  Bench press was 
conducted first and then pull ups, with the participants 5 RM predetermined (table 9). The 
first set was conducted at 70% of the swimmer’s 5 RM, with sets 2 and 3 at their 5 RM 
with 5 minutes inactive recovery period between each trial.  
Table 9: 5 RM results for the participants within this study. 
Participants Bench Press Pull up  
kg kg 
1 50.0 1.3 
2 75.0 20.0 
3 50.0 2.5 
4 45.0 5.0 
5 40.0 2.5 
6 55.0 5.0 
7 60.0 7.5 
8 40.0 2.5 
9 50.0 5.0 
10 60.0 10.0 
11 50.0 7.5 
12 70.0 5.0 
Mean  53.8 6.1 
SD 10.9 5.0 
 
Results/Conclusion 
In conclusion, the dry-land resistance training protocol showed no signs of fatigue as the 
participant was able to complete all sets and repetitions. This may be due to the type of 
resistance training that the participant performs on average 3 times per week (i.e. large 
strength capacities). The EMG data recorded showed clear linear envelopes through this 





5.3.7 Pilot study 7 
Introduction 
This series of pilot studies has provided the foundations to design a protocol for the 
recording of both front crawl swimming and dry-land resistance training EMG data. 
Therefore, the objective of this final pilot study was to trial the EMG data collection 
protocol. There are numerous method considerations that need to be considered, including: 
waterproofing of EMG electrodes, securing the data logger beneath the cap of the swimmer, 
the collection of EMG data whilst front crawl swimming and performing dry-land 
resistance exercises. These considerations have been pilot tested in the previous sections 
(5.3.1 – 5.3.5). 
Methods 
A 1,000 m standardised warm-up was performed by the participant (400 m steady, 3 × 100 
m (drill – swim), 4 × 50 m (15 m maximal within the 50 m), 100 m strong) and the EMG 
electrodes were then applied. This was followed by 3 × 35 m swimming trials (figure 16), 
first trial at 70 % and the following two trials at 100 % of the participant’s perceived 
maximal exertion with a 5 minute inactive recovery period between each trial (figure 17). 
The participant then proceeded to conduct the dry-land preparation programme (3× (5/leg 
× lunges, 5 × push ups and 5 × face pulls)). Bench press was conducted first and then pull 
ups with the participants 5 RM predetermined. The first set was conducted at 70 % of the 
swimmer’s 5 RM, with sets 2 and 3 at their 5 RM with 5 minutes inactive recovery period 
between each trial. The waterproof adhesive tape and EMG electrodes were removed from 





Figure 16: Graphic representation of swimming pool set up during the recording of EMG 
signal. 
Results/Conclusion 
The data collected through the protocol outlined in this pilot study showed clear and distinct 
linear envelopes through visual inspection. It is important to note that the EMG electrodes 
were not removed from the participants’ skin and remained attached beneath the waterproof 
adhesive tape during the bench press and pull up trials. This was to ensure that the same 
portion of the muscle belly was recorded for each trial. Additionally, the areas around the 
electrodes were dried for excessive water and extra care was given through this intermission 
period, between front crawl swimming and the dry-land resistance exercises, to avoid 





Figure 17: Kart system used to record EMG signals whilst performing front crawl 
swimming. 
5.4 Conclusion 
The pilot testing was carried out over a series of weeks to identify a valid protocol to 
investigate the specificity of dry-land resistance exercises to front crawl swimming 
performance. The pilot testing informed the researchers of key design considerations 
throughout. The Delysis Trigno Wireless EMG system was not a suitable system to collect 
EMG data within the swimming pool with poor signal transmission due to interference of 
water. Waterproofing of the EMG electrodes allowed extra consideration when 
waterproofing the EMG data logger. The Noraxon, Myosystem 1400A recorded EMG data 




and technical parameters, respectively. Establishing the participants 5 RM was used to 
prescribe the load for each of the participants during the completion of the dry-land 
resistance training protocol. This series of pilot testing has now formed the basis for data 























Chapter 6: Temporal Muscle Contraction Specificity 



























The previous chapters have highlighted that that pull up and bench press were the most 
popular upper body dry-land resistance exercises prescribed by elite swimming S&C 
coaches. Additionally, these findings correspond with chapter 3 showing the pull up and 
bench press recruit similar muscle activation prime movers as front crawl swimming. This 
finding further highlights the need to explore the neuromuscular relationship between dry-
land resistance exercises and front crawl swimming. The previous chapter described a 
series of pilot studies to identify a suitable EMG system to collect data whilst submerged 
under water. This includes: 1) waterproofing of EMG and kinematic equipment through 
the application of a double layer of adhesive tape, 2) synchronisation of the EMG and 
kinematic systems through the use of an LED trigger, 3) collection of EMG and kinematic 
data within the swimming pool and gym, 4) establishment of participants 5 RM and a 
suitable protocol to avoid accumulative fatigue and 5) collection of both EMG and 
kinematic data to investigate the similarity between dry-land resistance exercises and front 
crawl swimming. This method allows for the collection of EMG and kinematic data to 
investigate similarities between dry-land resistance exercises and front crawl swimming. 
The examination of specificity between dry-land resistance exercises and front crawl 
swimming requires the investigation of temporal muscle contraction specificity. This 
chapter will investigate the ratio and the stroke cycle similarities between the concentric 
and eccentric phases of the bench press and pull up to the propulsive and recovery phases 
of front crawl swimming.  
6.2 Abstract 
The specificity of temporal muscle contratcions, whether it is during the concentric, 
eccentric or isometric phases, is important in the selection of dry-land resistance exercises. 
The evaluation of the temporal muscle contractions provides an indication of the specificity 
relationship. This will aid in the exploration of intra- and inter-muscular coordination 
between exercises. Therefore, the aim of this investigation is to assess the temporal muscle 
contraction relationships between front crawl swimming and two dry-land resistance 
exercises. It was hypothesised that the 5 RM bench press and pull up exercises would be 
significantly different to front crawl swimming. Fourteen male international and national 
level swimmers were recruited. 2D kinematic data were collected whilst swimming and 




conducted followed by 3 × 35 m front crawl swimming bouts, one at 70 % and two at 100 
% of maximal exertion, with 5 minutes’ inactive recovery between bouts. The bench press 
and pull up exercise were performed using the same protocol, 3 × 5 RM bouts, one at 70 % 
and two at 100 % of maximal exertion, with 5 minutes’ inactive recovery between bouts. 
2D kinematic data were processsed during the propulsive phase of front crawl swimming 
and the concentric phase for both bench press and pull up exercises, using the middle stroke 
cycle or repetition only. The results of this study show that the ratio of the eccentric and 
concentric phase during the 5 RM bench press and pull up exercise are significantly 
different to the recovery and propulsive phase of front crawl swimming during maximal 
exertion. Furthermore, the duration of time under tension during the concentric phase of 
both bench press and pull up exercise was significantly higher than the propulsive phase of 
front crawl swimming. Future research needs to bridge the specificity gap between 
swimming performance and dry-land resistance training exercises. 
6.3 Introduction 
The assessment of swimming performance requires an analysis of technical, physiological, 
morphological and biomechanical parameters. Biomechanical parameters, within 
swimming performance, refer to SR and SL, velocity, and stroke phases. Lätt et al. (2010) 
showed that biomechanical parameters explain 90.3 % of the variance in 100 m swimming 
performance with anthropometric (45.8 %) and physiological (45.2 %) parameters also 
strongly related to 100 m performance. The examination of the propulsive phase suggests 
a significantly shorter push phase and a significantly longer catch phase in elite swimmers 
(Chollet et al., 2000, Millet et al., 2002, Seifert et al., 2004). Additionally, faster swimmers 
were characterised by a longer propulsive phase duration at equivalent paces (Seifert et al., 
2007, Toussaint and Vervoorn, 1990, Schnitzler et al., 2011). Therefore, the temporal 
characteristics of the stroke is important in characterising elite swimmers (Chatard et al., 
1990). Consequently, investigating these temporal aspects of the front crawl stroke cycle, 
as well as the temporal aspects of dry-land resistance exercises is similarly important. 
In swimming, the upper body muscles are primarily used by swimmers to propel them 
through the water. Since these muscles generate force and therefore, the impulse to move 
them through the water, it is useful for coaches and practitioners to understand the temporal 
muscle contraction characteristics. This information could help coach’s knowledge around 




important to understand the sequences of the musculature and provide new insights on 
muscle activation timing and levels throughout the propulsive phase. The chapter will aim 
to provide scientists and coaches with representative data on muscle activation patterns 
during dry-land resistance exercises and front crawl swimming. EMG can provide much 
insight into the function of the musculoskeletal system. This analysis will advance technical 
knowledge and understanding around which muscles drive the key movements. 
The prescription of dry-land resistance training aims to increase absolute strength and 
increase maximal power output (Suchomel et al., 2016), with both physiological (Saltin 
and Gollnick, 1983, Newton et al., 2011, Haff and Nimphius, 2012, Goodwin and Cleather, 
2016) and neuromuscular (Crowley et al., 2017, Cormie et al., 2011) mechanisms shown 
to explain these improvements. Chapter 2 (Crowley et al., 2017), through a review of the 
literature, suggested that the prescription of a low volume and high force resistance training 
programmes may improve swimming performance. The specificity of these training 
methods is important to enhance the transfer of dry-land resistance exercises to swimming 
performance.  
Elite swimmers have been shown to generate higher propulsive forces during the propulsive 
phase (Counsilman, 1970) and therefore, this application of higher impulses to the water 
explains the higher velocities achieved through greater SL (Craig et al., 1985, Chatard et 
al., 1990, Costill et al., 1985). Swimming velocity is the product of SL (metres per stroke 
cycle) and SR (strokes per minute) (Craig and Pendergast, 1979) and therefore both these 
factors are important determinants of swimming velocity. Many studies have highlighted 
the importance of SL in improving swimming performance (Girold et al., 2006, Smith et 
al., 2002, Figueiredo et al., 2011, Chatard and Mujika, 1999, Costill et al., 1980, Craig et 
al., 1985, Hay et al., 1983) and therefore maintaining mechanical propulsive efficiency 
throughout a race. SR has been determined as a key factor in 50 m performance compared 
to other swimming distances (Girold et al., 2007) and is known to influence swimming 
velocity (Wakayoshi et al., 1995, Figueiredo et al., 2011, Craig et al., 1985).  
The prescription of dry-land resistance exercises has been investigated previously, Chapter 
4 (Crowley et al., 2018). Gamble (2006) proposed that biomechanical specificity involves 
several components; the range of motion and joint angles of the exercises, the muscle 
activity during the exercise, the velocity of the exercises performed and postural or limb 




muscle contraction characteristics between front crawl swimming and dry-land resistance 
exercises. This relationship assesses the specificity between two exercise modes in relation 
to time series data. Chapter 4 (Crowley et al., 2018), found that the bench press and pull up 
exercises were the most popular upper body exercises that coaches believed improved 
swimming performance. The lack of scientific evidence on the prescription of these dry-
land resistance exercises are limited. Further investigation into the objective and evidence-
based sources of information of dry-land resistance exercises to swimming performance is 
required. Therefore, the evaluation of the stroke cycle and duration of time under tension, 
during the concentric and propulsive phase, respectively, provides a clear indication of the 
temporal muscle contraction characteristics between dry-land resistance exercises and front 
crawl swimming. The identification of these temporal muscle contraction characteristics 
allows for the onset of specific biomechanical and neuromuscular adaptations. The primary 
aim of this study is to investigate the temporal muscle contraction characteristics of bench 
press and pull up exercises to front crawl swimming performance. It was hypothesised that 
the 5 RM bench press and pull up exercises would be significantly different to front crawl 
swimming. 
6.4 Methods 
6.4.1 Participants  
Twelve male international (n = 6) and national level (n = 6) swimmers (mean age: 17.7 ± 
2.2 years; height: 1.83 ± 0.06 m; mass: 74.65 ± 5.53 kg; arm span: 1.89 ± 0.58 m; front 
crawl personal best: 54.59 ± 1.68 s) participated in this study (appendix 3.1). Participants 
completed a minimum of three dry-land resistance training sessions a week and eight 
swimming sessions a week. All participants were injury free at the time of testing. The 
University of Limerick Ethics Committee approved this research and all participants were 
informed of the benefits and risks of the investigation prior to providing written informed 
consent (appendix 2.1 and 2.2). 
6.4.2 Data Procedure 
A standardised warm up (400 m swim; 3 × 100 (50 m drill and 50 m swim); 4 × 50 m (15 
m fast, 35 m easy); 100 m easy, 30 seconds rest between each repetition) was conducted. 
The swimming and dry-land resistance training trials were conducted in a randomised 




between each trial. Trial 1 was conducted at 70 % of the participant’s self-perceived 
maximal exertion, with trials 2 and 3 at maximal exertion. The swimming trials were 
performed using a ‘dead’ start (without a dive or push off). The bench press and pull up 
exercise were performed using the same protocol, 3 × 5 RM bouts, one at 70 % and two at 
100 % of maximal exertion, with 5 minutes’ inactive recovery between bouts (figure 15). 
A standardised warm-up (e.g. 2× (5 per leg × lunges, 5 × push-ups and 5 × face pulls)) 
before each resistance training session was conducted. Participants performed three trials 
of 5 repetitions with a 5 minute inactive recovery period between each trial. Trial 1 was 
conducted at 70 % of the participant’s 5 RM, with trials two and three at the participants 5 
RM. 5 RM was determined using a modified NSCA guidelines (Haff and Triplett, 2015) 
for a 1 RM.  
6.4.3 Data Collection 
Anthropometrics (i.e. height, mass and arm span) were recorded using the same investigator 
across all participants. Data were collected using an underwater camera system, which 
consisted of a 240 Hz GoPro (GoPro, Inc., San Mateo, California) camera recording the 
swimmers in the sagittal plane, which was attached to a moving kart system. Additionally, 
a 240 Hz Casio camera system (EX-ZR800, Casio Computer Co., Ltd., Tokyo, Japan) was 
set up on a tripod on the opposite side of the pool, to capture the swimmers in the sagittal 
plane. This camera was also set up on a tripod in the gym. To synchronise all devices, a 
LED trigger was used. Both camera systems recorded the LED light when the trigger was 
released, therefore the cameras were synced.  
6.4.4 Data Processing 
In this research study, both the Casio and GoPro Hero 4 camera had a sampling period of 
4.17 ms (240 Hz) and was used to determine events. The videos were synchronised through 
the identification of the LED trigger and therefore manually digitised using Kinovea 0.8.15 
software (www.kinovea.org). The synchronisation of the Casio camera and the GoPro Hero 
4 through the identification of the LED trigger is a necessary step in the identification of 
key events during front crawl swimming, bench press and pull up exercises. Data 
processing was conducted between 12.5 m and 22.5 m, as this was the middle section of 
the 35 m swimming trial in a 50 m swimming pool. Three stroke cycles were captured 




was calculated by measuring a known length within this camera capture and converting this 
known length to pixels. Therefore, it was essential that the swimmers followed the same 
swimming path and with this in mind, the swimmers were instructed to follow a black row 
of tiles on the pool floor. Velocity was calculated by placing a marker on the swimmer’s 
hat on entry and exit of the video capture. From here, the time and number of pixels were 
calculated from entry to exit of the video capture. The following variables were calculated; 
velocity (metres/time (metres.seconds-1), stroke length (stroke rate * velocity (metres)) and 
stroke index (stroke rate * velocity (metres)). Stroke cycle was determined based on hand 
entry and re-entry (Rouard and Billat, 1990; Martens et al., 2015a, 2016). Furthermore, the 
stroke cycle was divided into the propulsive and recovery phase. The propulsive phase 
consisted of four distinct phases; catch (0-25 %), pull (26-61 %), push (62-99 %) and exit 
(100-0 %) (Appendix 3.1). The recovery phase was determined by hand exiting to hand re-
entering the water. The dry-land resistance exercise repetitions were divided into the 
eccentric and concentric phase. Repetition number three from trial number two was selected 
for analysis. It is important to note, that this data set only investigated the muscle activations 
during the propulsive phase of front crawl swimming and concentric phases of the bench 
press and pull up exercises. The rationale for this was twofold: (1) only events where force 
was applied; propulsive phase (i.e. force applied to the water) and concentric phase (i.e. 
force applied to the load being displaced) and (2) to increase the specificity between front 
crawl swimming and dry-land resistance exercises.6.4.5  
6.4.5 Statistical Analysis 
Descriptive statistics were conducted for all the temporal variables within this study 
(figures 16-18; appendix 3.1). All analysis was conducted using SPSS Version 26. Tests 
for normality were conducted using the Shapiro-Wilk Test of Normality. Spearman’s rho 
correlation coefficient were used to establish relationships between variables and 
interpreted as follows; r ≥ 0.5 - strong, r = 0.5 - 0.3 - moderate and r = 0.3 - 0.1 - weak 
(Hopkins et al., 2009). A Friedman test as an alternative to a repeated measures ANOVA, 
for non-parametric data, was conducted with significance set at p < 0.05. Post hoc analysis 
through a Wilcoxon Signed Ranks Test was applied to identify differences (p < 0.05, 0.01 
and 0.001). Partial eta squared effect sizes (η2p) were applied and interpreted as follows: 
small (≥.01), medium (≥.06), and large (≥.15) (Cohen, 1988). Differences were established 




eccentric phases of the bench press and pull up, 3) propulsive and concentric phases of 
front crawl swimming, bench press and pull up and 4) recovery and eccentric phases of 
front crawl swimming, bench press and pull up. This was applied to the difference between 
the catch (%), pull (%) and push (%) phases. Differences between the eccentric (%) phases 
of the dry land resistance exercises and the recovery phase (%) of front crawl swimming 
were identified. Additionally, the difference between the concentric phases (%) of the dry 
land resistance exercises and the propulsive phase (%) of front crawl swimming were 
identified. Finally, the time difference (seconds) between the concentric phases of the dry 
land resistance exercises and the propulsive phase of front crawl swimming were examined.   
6.5 Results 
A strong relationship was found between height and arm span (r = 0.804), stroke rate and 
stroke length (r = 0.656), stroke length and stroke index (r = 0.881) and maximal swimming 
velocity and stroke index (r = 0.839). Furthermore, there were moderate relationships 
between 5 RM bench press and 100 m personal best time (r = -0.468) and 5 RM bench 
press and maximal swimming velocity (r = 0.383). However, stronger relationships were 
established between 5 RM pull up and 100 m personal best time (r = -0.665) and a moderate 
relationship for 5 RM pull up and maximal swimming velocity (r = 0.405). Additionally, 5 
RM pull up and stroke rate showed a strong relationship (r = 0.633). 
The duration of time during the propulsive phase was normalised to 100 % and the 
contribution of each phase, catch (24.5 ± 6.9 %), pull (36.7 ± 9.6 %) and push (38.8 ± 7 
%), was calculated (figure 18, appendix 3.1). There were statistically significant differences 
identified between the phases, χ2(2) = 9.489, p = 0.009. Post hoc analysis showed a 
significant difference between the catch and pull phase (p < 0.05, η2p = -0.43), catch and 
push phase (p < 0.01, η2p = -0.61) but no significant difference between the pull and push 





 p < 0.01: **. 
Figure 18: Contribution of catch, pull and push phase to propulsive phase duration. 
The ratio of the eccentric and concentric phase for bench press (42.6 ± 9.1 % and 57.4 ± 
9.1 %, respectively), pull up (44.3 ± 7.4 % and 55.7 ± 7.4 %, respectively) were compared 
to the recovery and propulsive phase for front crawl swimming (22.8 ± 3.7 % and 77.2 ± 
3.7 %, respectively) (figure 19; appendix 3.1) to examine phasic differences. There was a 
statistically significant difference between the eccentric phase of both dry-land resistance 
exercises and the recovery phase in front crawl swimming (χ2(2) = 16.167, p ˂ 0.001). Post 
hoc analysis showed a significant difference between the recovery phase during front crawl 
swimming and the eccentric phase of bench press (p < 0.01, η2p = -0.61) and pull up (p < 
0.01, η2p = -0.62). However, no significant difference was found between the eccentric 
phases of both dry land resistance exercises (p > 0.05). Furthermore, a statistically 
significant difference between the concentric phases, of the bench press and pull up, and 
the propulsive phase of front crawl swimming was found, χ2(2) = 16.167, p < 0.001. Post 
hoc analysis showed that there was a significant difference between the propulsive phase 
of front crawl swimming and the concentric phase of the bench press (p < 0.01, η2p = -0.61) 
and pull up (p < 0.01, η2p = -0.62), however no significant difference was found between 






































** p < 0.01. 
Figure 19: Ratio of eccentric and concentric phases during bench press, pull up and 
swimming (recovery: propulsive phase). 
The duration of time spent during the concentric phase of both bench press (1.5 ± 0.6 secs) 
and pull up (1.7 ± 0.3 secs) and the propulsive phase of front crawl swimming (0.9 ± 0.1 
secs) are therefore significantly different, respectively (figure 20). There was a statistically 
significant difference between the concentric phase, of pull up and bench press, and 
propulsive phase of front crawl swimming found, χ2(2) = 17.167, p = 0.000. Post hoc 
analysis showed that there was a significant difference between the propulsive phase of 
swimming and bench press (p < 0.01, η2p = -0.61) and pull up (p < 0.01, η
2
p = -0.62) but no 









































** p < 0.01. 
Figure 20: Duration of time during the concentric phase of the bench press and pull up 
exercises and the propulsive phase of  front crawl swimming 
6.6 Discussion 
The primary aim of this study was to explore the temporal muscle contraction 
characteristics of bench press and pull up exercises and to front crawl swimming. In 
swimming, velocity is defined as the product of the stroke rate and stroke length. The 
primary determinant of performance between stroke rate and stroke length is still 
contentious (Craig et al., 1985, Toussaint and Beek, 1992, Keskinen and Komi, 1993, 
Laffite et al., 2004). The findings of this study show a strong relationship between stroke 
index and maximal swimming velocity suggesting that a combination of stroke length and 
stroke rate are strong determinants of swimming performance. The increase in overall 
swimming velocity is a consequence of the swimmer’s coordination capacity. Studies on 
100 m freestyle performances showed that velocity is highly correlated with stroke length 
(Kennedy et al., 1990, Arellano et al., 1994). Craig et al. (1985) showed that Olympic 
medallists had greater stroke length and stroke rate than the other finalists whose velocities 
were 3 to 7% lower. The decrease in stroke length is mainly due to the swimmers' technical 
and physiological capabilities (Laffite et al., 2004) with fatigue also decreasing stroke 
length (Craig et al., 1985, Toussaint and Beek, 1992).  
This research study shows that the temporal muscle contraction characteristics, between 





















different. The results of this study show significant differences between the catch, pull and 
push phase. The data shows that there are similar temporal strategies adopted across the 
participants, throughout the propulsive phase, which may be due to the similar level in 
swimming expertise of the participants included in this study. However, alternative training 
methods may play an important role in overall swimming performance. The impact of dry-
land resistance training has shown to improve swimming performance (Crowley et al., 
2017), however, the specificity of the prescribed dry-land resistance exercises is unknown. 
The findings of this study show that temporal muscle contraction characteristics between 
maximal front crawl swimming and 5 RM bench press and 5 RM pull up are significantly 
different. Furthermore, strong relationship exists between 5 RM pull up and 100 m front 
crawl personal best with 5 RM bench press and 100 m front crawl personal best only 
showing a moderate relationship. 5 RM pull up and 100 m front crawl personal best is the 
only strong relationship established within this study and these finding suggest that greater 
upper body pull strength levels contribute to overall swimming performance. Interestingly, 
the moderate relationship established between 5 RM pull up and 100 m front crawl maximal 
velocity may be due to significant differences in temporal characteristics between pull up 
and front crawl swimming, the causation of this association remains unclear. This finding 
provides evidence that the pull up exercise may have greater specificity to front crawl 
swimming compared to the bench press exercise. However, significant differences between 
temporal characteristics of the 5 RM pull up and maximal front crawl swimming velocity 
may contribute to the moderate versus strong relationship with 100 m front crawl personal 
best time. 
Elite swimmers exhibit higher levels of technical skill, which contribute to the enhancement 
of swimming performance. To improve swimming performance, specific training practices 
need to be prescribed to elicit specific training adaptations. Dry-land resistance training is 
commonly prescribed to improve swimming performance (Crowley et al., 2017). The ratio 
of the eccentric and concentric phase during the 5 RM bench press and pull up exercise 
show significant differences compared to the recovery and propulsive phase of front crawl 
swimming during maximal exertion. The alterations in temporal muscle contraction 
characteristics between front crawl swimming and the selected dry-land resistance 
exercises alters the dynamic intra- and inter-muscular relationship. Furthermore, the 
duration of time under tension during the concentric phase of both bench press and pull up 




swimming.  These results highlight the need for greater specificity when prescribing dry-
land resistance training to initiate specific neuromuscular adaptations (Gabriel et al., 2006). 
Additionally, dry-land resistance training exercises that are performed at higher velocities 
may allow for more specific neuromuscular adaptations. However, it should be noted that 
general development should not be ignored, as it aids in the development of the 
musculoskeletal system, physiological profile and neuromuscular system which will 
provide strong foundations for more specific training adaptations. 
Research has shown that specific neuromuscular adaptations improve sport performance 
(Cormie et al., 2011, Crewther et al., 2006). The ability to express high levels of force under 
short time periods, high velocities, is required during front crawl swimming. This can be 
seen both within this Chapter and Chapter 2. Research has shown that the development of 
sport specific velocities through strength and power training are greater when training 
through specific movement velocities (Cormie et al., 2011, Crewther et al., 2006). This 
approach to move with greater intensity and specific movement velocities will stimulate 
and optimise specific neural adaptations (Cormie et al., 2011). Velocity based training 
(VBT) is one such method that has been shown to improve strength and power output using 
a range of specific velocities (Jovanović and Flanagan, 2014). Velocity ranges to enhance 
specific training adaptations, include; absolute strength (0-0.35 m.s-1), strength-speed 
(0.75-1 m.s-1) and speed-strength (1-1.5 m.s-1) (Jandačka and Beremlijski, 2011). Through 
this method, an athlete producing low velocities during sub maximal loads will be required 
to go under an intervention where they will complete a training programme with focus on 
dynamic movements and manipulating the speed-strength aspect of the force velocity 
curve. On the contrary, an athlete producing high velocities during sub maximal loads 
would undertake a training intervention where they will complete a training programme 
with a focus on absolute strength and manipulating this aspect of the force velocity curve. 
Gonzalez-Badillo and Sánchez-Medina (2010) proposed that an increase in velocity of 
0.07-0.09 m.s⁻¹ at a set load or across a range of loads yields a 5 % improvement in 1 RM. 
This is one such example of how to prescribe temporal specificity within a dry-land 
resistance training programme for swimmers. 
6.7 Conclusion 
The results of this study show that there is a lack of specificity about the prescription of 




concentric phase during the 5 RM bench press and pull up exercise show significant 
differences compared to the recovery and propulsive phase of front crawl swimming during 
maximal exertion. Additionally, the duration of time under tension during the concentric 
phase of both bench press and pull up exercise was significantly higher than during the 
propulsive phase of front crawl swimming. Furthermore, the strong relationship between 5 
RM pull up and front crawl personal best time would suggest that pull strength has greater 
specificity to swimming performance. Additionally, the moderate relationship established 
between 5 RM pull up and maximal swimming velocity may suggest that greater specificity 
required when prescribing dry-land resistance exercises. VBT is a practical application to 
target specific movement velocities and increases the specificity between swimming 
performance and dry-land resistance exercises. Practitioners and coaches, alike, need to 
consider this when prescribing dry-land resistance training. Future research needs to bridge 
the gap between the temporal characteristics of front crawl swimming and dry-land 
resistance exercises. The investigation of the neuromuscular system, through muscle 
activations, will provide a greater insight into the biomechanical specificity as it will 
provide an indication of temporal muscle activation characteristics during dry-land 
resistance exercises and front crawl swimming. Therefore, identifying the muscle 
activation of specific muscles during the propulsive phase of front crawl swimming and the 
concentric phase of the bench press and pull up exercises will allow for the identification 
of temporal muscle activation specificity between front crawl swimming, bench press and 











Chapter 7: Temporal Muscle Activation Overlap 
Specificity between Front Crawl Swimming and Dry-land 




























The identification of the pull ups and bench press as key dry-land resistance exercises has 
been highlighted within the literature and by elite swimming S&C coaches in this 
programme of research. The development of a method to collect both EMG and kinematic 
data to identify similarities between dry-land resistance exercises and front crawl 
swimming through muscle activations has been developed. The previous chapter examined 
the temporal muscle contraction specificity and found that there was no similarity between 
5 RM bench press and pull up and maximal front crawl swimming. The ratio of the 
eccentric and concentric phase during the 5 RM bench press and pull up exercise showed 
significant differences compared to the recovery and propulsive phase of front crawl 
swimming during maximal exertion. Additionally, the duration of time under tension 
during the concentric phase of both bench press and pull up exercise was significantly 
higher than that during the propulsive phase of front crawl swimming. Furthermore, the 
different relationships between bench press, pull up and front crawl swimming personal 
best time and maximal velocity may suggest that greater specificity is needed when 
prescribing dry-land resistance exercises. These findings would suggest the need for further 
exploration of the specificity relationship between dry-land resistance exercises and front 
crawl swimming performance. These results prompt the investigation of temporal muscle 
activation specificity due to previous chapters outlining the importance of neuromuscular 
adaptations. This chapter will investigate the muscle activation similarities between the 
concentric phase of the bench press and pull up to the propulsive phase of front crawl 
swimming. This chapter will again examine variability within the data set. The analyses 
will fundamentally highlight areas of muscle activation overlap and therefore, areas of 
similarity between front crawl swimming, bench press and pull up, respectively.  
7.2 Abstract 
Specificity can be analysed through comparing the range of motion, joint angles, muscle 
activity, contraction velocity and limb position between dry-land resistance exercises and 
swimming performance. Muscle activity specificity through neuromuscular adaptations are 
a primary mechanism to improve strength and swimming performance as highlighted in 
Chapters 2 and 3. Therefore, the investigation of EMG during both dry-land resistance 
exercises and front crawl swimming to assess muscle activation specificity is required. It 




different to front crawl swimming. However, it was thought that these resistance exercises 
and front crawl swimming would activate similar prime movers between both bench press 
and front crawl swimming and pull up and front crawl swimming. Fourteen male 
international and national level swimmers were recruited. EMG and 2D kinematic data 
were collected whilst swimming and performing the bench press and pull up exercise. A 
standardised race warm up was conducted followed by 3 × 35 m front crawl swimming 
bouts, one at 70 % and two at 100 % of maximal exertion, 5 minutes inactive recovery 
period between each trial. The bench press and pull up exercises performed 3 × 5 
repetitions, one at 70 % and two at 100 % of maximal exertion for each exercise, with 5 
minutes inactive recovery period between each trial.  The EMG data were presented using 
a 50 % threshold of dynamic peak EMG for each muscle. The results show little temporal 
muscle activation overlap between front crawl swimming and bench press and pull up, with 
no clear temporal muscle activation patterns between participants. The large variability 
between participants suggests the dynamic nature of front crawl swimming and bench press 
and pull up, respectively, and individual analysis may be required. Therefore, the use of 
descriptive statistics does not describe the data set appropriately and the need for a dynamic 
measure of specificity is required. 
7.3 Introduction 
Alterations in the neuromuscular system due to dry-land resistance training can play an 
important role in strength development (Gabriel et al., 2006). Improvements in the 
neuromuscular system (i.e. improved intra- and inter-neuromuscular co-ordination) are a 
primary determinant for improving swimming performance (Girold et al., 2012, Girold et 
al., 2007, Strass, 1988, Aspenes et al., 2009). The measurement of neuromuscular activities 
in the water is complex but can be recorded through surface EMG. However, Martens et 
al. (2016, 2015b) stated that the inter-variability around the mean muscle activation patterns 
were large and makes the data problematic in terms of identifying a single pattern that is 
applicable to all individuals.  
The prescription of dry-land resistance training practices and exercises by elite swimming 
S&C coaches showed that traditional resistance training was the most commonly practiced 
dry-land resistance training modality with the bench press and pull up the most common 
upper body resistance exercises that coaches believed transferred best to an improvement 




found that the bench press was moderately associated with 25 and 50 m swimming 
performance tests (r = 0.58 and 0.59, respectively) with no research focusing on the 
relationship of the pull up to swimming performance. However, the latissimus pull down 
has shown significant correlations with swimming performance (Crowe et al., 1999, 
Morouço et al., 2011, Morouço et al., 2014). Additionally, Martens et al. (2015b) reported 
that the latissimus dorsi is one of the primary muscles activated while swimming, showing 
high muscle voluntary contractions throughout the four swimming strokes. These findings 
highlight the relationship between resistance exercises and swimming performance, 
however association does not mean causation and does not ensure transfer of these 
resistance exercises to swimming performance. Additionally, these correlation analyses 
only use outcome measures to quantify their findings, therefore it is important to investigate 
the relationship of exercises across a time series. This knowledge will inform researchers 
and practitioners as to how specific the pull up and bench press exercises are to swimming 
performance throughout the movement of the exercise.  
Further investigation into the prescription of resistance training exercises to swimming 
performance, with more objective and evidence-based sources of information is required. 
Specificity is an integral component in understanding the mechanism of the transfer of dry-
land resistance exercises to swimming performance. Exercise prescription requires a degree 
of specificity, which can refer to metabolic, psychological or biomechanical specificity 
(Gamble, 2006). Biomechanical specificity involves several components and the 
measurement of specificity can inform the practitioner on the specificity of the exercises 
prescribed to improve sport performance. Despite this, the complexity of analysing and 
interpreting specificity is not frequently acknowledged in the current academic literature 
and as a result, the mechanisms of specificity are unclear. 
Limited research to date, has investigated the specificity of dry-land resistance exercises to 
front crawl swimming (Olbrecht and Clarys, 1983). No research has examined the temporal 
overlap of muscle activation patterns between front crawl swimming and dry-land 
resistance exercises. Temporal overlap quantifies muscle activations between activities 
using a muscle activation threshold, displaying periods of high muscle activity (Howard et 
al., 2017). The temporal overlap between activities can identify areas of temporal 
specificity between dry-land resistance exercises and front crawl swimming. The aim of 
this study is to explore the temporal overlap of muscle activations, using EMG, between 




that the 5 RM bench press and pull up exercises would be significantly different to front 
crawl swimming. However, it was hypothesised that these resistance exercises and front 
crawl swimming would activate similar prime movers. 
7.4 Methods 
7.4.1 Participants 
Fourteen male international (n = 6) and national (n = 8) level swimmers (mean age: 18.2 ± 
2.6 years; height: 1.84 ± 0.05 m; mass: 76.11 ± 6.52 kg; arm span: 1.89 ± 0.06 m; front 
crawl personal best: 54.57 ± 1.55 sec) participated in this study (appendix 4.1). Participants 
completed a minimum of three dry-land resistance training sessions a week and eight 
swimming sessions a week. All participants were injury free at the time of this 
investigation. The University of Limerick Ethics Committee approved this research and all 
participants were informed of the benefits and risks of the investigation prior to providing 
written informed consent (appendix 2.1 and 2.2). 
7.4.2 Data Procedure 
Section 6.4.2 of this thesis outlined the methods within this section. EMG data was 
collected within this study and the following protocols were conducted. EMG sensors were 
attached following the warm up and before the swimming or the dry-land resistance training 
trials. The electrode attachment points were located using the SENIAM guidelines 
(Hermens et al., 2000) for the anterior, posterior and middle deltoid, pectoralis major, 
latissimus dorsi, biceps brachii, triceps brachii and upper trapezius. Hair at the site of the 
electrode placement was shaved and the skin cleaned using an alcohol soaked pad, before 
the application of the electrodes. Electrodes (20 mm contact diameter) were placed on the 
right side of the body on the belly of the muscle 20 mm apart. Two layers of waterproof 
adhesive tape were applied to each electrode location. The electrodes were attached to the 
data logger, which was secured within a plastic bag under the swimming hat of the 
participants head. The bag had several holes to allow the electrode wires to attach to the 
muscle placement sites. This waterproofing included three separate bags; the first with the 
data logger inside, the second had several holes for each electrode and the third bag had the 
same design (figure 10). It is important to note that the EMG sensors, once attached were 




7.4.3 Data Collection 
Section 6.4.3 of this thesis outlined the methods within this section. Further to this, the 
Noraxon, Myosystem 1400A was used to record EMG signals. To synchronise all devices, 
a LED trigger was used. Both camera systems recorded the LED light when the trigger was 
released, this caused a sharp influx within the EMG recordings and this synchronised both 
camera systems to the EMG signal.  
7.4.4 Data Processing 
Section 6.4.4 of this thesis outlined the methods within this section. Further to this, the 
Noraxon, Myosystem 1400A has a sampling period of 1 ms (1000 Hz) and both the Casio 
and GoPro Hero 4 camera have a sampling period of 4.17 ms (240 Hz) and therefore, the 
camera system determined events. The videos were synchronised and manually digitised 
using Kinovea 0.8.15 software. The synchronisation of the Noraxon, Myosystem 1400A, 
Casio camera and the GoPro Hero 4 is a necessary step in the identification of key events. 
The identification of the LED trigger through an influx on the EMG channel and through 
both camera systems is a necessary step in the identification of key events during front 
crawl swimming, bench press and pull up exercises. The sampling rate of the Noraxon, 
Myosystem 1400A was 1000 Hz and the Casio camera and the GoPro Hero 4 sampled at 
240 Hz, respectively. The difference in sampling rates between data acquisition systems is 
determined by the lowest sampling frequency. 
The SEMIAM guidelines provide an accurate set of guidelines in order to obtain the correct 
muscle group and to ensure accuracy and consistency of sensor placement (Hermens et al., 
2000). The International Society of Electromyography and Kinesiology (ISEK) also have 
a series of guidelines for data analysis (Merletti, 1999). The collection of EMG data 
requires a robust method to avoid the effect of artefacts, crosstalk and noise that may affect 
the data set (Basmajian and De Luca, 1985, Hermens et al., 2000, Kamen and Gabriel, 
2010).  
Rectification was the first step in processing the EMG data set and was the translation of 
the negative part of the signal into the positive part of the signal. The polarity of the negative 
EMG signal was inverted into a positive EMG signal. Full wave rectification on each signal 
within each data set was performed. A low pass 4th order Butterworth filter with a cut off 




remove motion artefacts, but low pass filters are used to create linear envelopes, which are 
necessary to perform further analysis.  
Normalisation of the data sets allows for the comparison of different movements and 
participants. The normalisation of both amplitude and time of each identified event is 
required. Amplitude normalisation requires the normalisation of the data set to a peak value. 
In this research study, the data was normalised per trial to the peak value within each trial, 
known as dynamic peak method. Burden (2010) showed that for dynamic movements such 
as swimming and resistance exercises, normalising to the peak value within each trial is 
favourable as it is representative of the type of contractions taking place during a dynamic 
movement. The time normalisation was completed using a MATLAB (MATLAB, 
Mathworks Inc., Natick, MA, USA) spline. Each cycle was interpolated using a MATLAB 
cubic spline on 2001 samples, as this represented the average of all event cycles to the 
closest thousand. 
The x-axis represents the duration of the propulsive phase of front crawl swimming and the 
concentric phase of bench press and pull up exercises (i.e. 100 %) (figures 19 and 20). The 
y-axis represents the participants who showed an overlap between front crawl swimming 
and bench press and pull up exercises. Muscles were only selected if 50 % (n=7) or greater 
of participants showed an overlap between front crawl swimming and bench press and pull 
up exercise, respectively. This was applied to ensure an accurate representation of the 
sample and to quantify prime movers from non-prime movers. Font crawl and bench press 
included the following muscles: posterior deltoid (n=7), middle deltoid (n=12), pectoralis 
major (n=9) and triceps brachii (n=9). Similarly, front crawl and pull up included: middle 
deltoid (n=7), triceps brachii (n=8), latissimus dorsi (n=7) and posterior deltoid (n=11). 
7.4.5 Statistical Analysis 
The EMG data were divided into events (i.e. front crawl swimming propulsive phase, bench 
press and pull up concentric phase). Each muscle group was normalised to the peak EMG 
value within each repetition or stroke cycle, for each participant. Following this, the time 
across each exercise mode (i.e. front crawl swimming propulsive phase, bench press, and 
pull up concentric phase) were normalised to 100 %. A greater than 50 % muscle activation 
threshold was applied to the data set to identify areas of high muscle activity (Howard et 




the findings of this data set. Therefore, the data set was time stamped at every occasion 
where there was an activation greater than 50 %. The percentage of time where the muscle 
activation was greater than 50 % was calculated. Furthermore, the percentage of overlap 
between front crawl swimming, bench press and pull up was calculated. Additionally, the 
coefficient of variation (CV) was calculated by dividing the SD by the mean (Winter, 
1984). This was included to describe the variability within the data set. 
7.5 Results 
The results of this study highlight the areas of overlap between the propulsive phase of 
front crawl swimming and the concentric phase of bench press and pull up exercises, 
respectively (appendix 4.2). The findings show a range of 7 to 12 participants overlapping 
for front crawl swimming and bench press exercise and a range of 7 to 11 participants 
overlapping between front crawl swimming and pull up exercise. Front crawl and bench 
press showed a series of overlaps occurring during the following phases: posterior deltoid 
(push phase), middle deltoid (catch and push phase), pectoralis major (catch and pull phase) 
and triceps brachii (transition between pull and push phase). Similarly, front crawl and pull 
up showed overlaps during: middle deltoid (push phase), triceps brachii (pull and push 
phase), latissimus dorsi (pull and push phase) and posterior deltoid (push phase). Figures 
21 and 22 show exemplar graphs for the pectoralis major, front crawl swimming and bench 















The percentage of muscle activations greater than 50 % are represented as total muscle 
activations and the overlap between front crawl swimming and bench press and pull up, 
respectively (table 10, appendix 4.2). The findings show that front crawl swimming and 
bench press has a greater total muscle activation (31.6 ± 1.9 %) and overlap (9.8 ± 1.4 %) 
compared to front crawl swimming and pull ups total muscle activation (25 ± 0.8 %) and 
overlap (8 ± 1.6 %). 
Table 10: Mean (± SD) of total time and overlap, represented as a percentage, of muscle 




  Posterior Deltoid Middle Deltoid Pectoralis Major Triceps Brachii 
Total Overlap Total Overlap Total Overlap Total Overlap 
Mean (%) 29.8 9.1 30.1 10.4 33.8 8.2 32.6 11.4 




  Middle Deltoid Triceps Brachii Latissimus Dorsi Posterior Deltoid 
Total Overlap Total Overlap Total Overlap Total Overlap 
Mean (%) 25.2 9.4 25.5 6.2 23.8 7 25.5 9.5 
SD (%) 7.3 9.2 17.2 6.8 13.3 3.7 9.8 8.1 
 
The muscle activations showed considerable variability between participants (figures 19 
and 20). The variability within the data set is described using the CV (coefficient of 
variation), the ratio of the SD to the mean. The CV was calculated for all muscles (table 
11). The CV was largest in the upper trapezius for front crawl swimming, posterior deltoid 
for bench press and anterior deltoid for pull up. The results of this study demonstrate that 
for front crawl swimming, the latissimus dorsi (64.4 %) has the lowest CV and the upper 
trapezius (93 %) the highest. Similarly, bench press shows the pectoralis major (42.1 %) to 
have the lowest CV and the posterior deltoid (85 %) the highest CV. In the case of the pull 
up, the posterior deltoid (48.5 %) had the lowest CV and the anterior deltoid (94.3 %) the 
highest CV. 
Table 11: The CV (%) across all participants for each muscle for front crawl swimming, 
bench press and pull up exercises. 
















Front crawl CV  82.4 69.2 64.4 83.5 65.1 70.7 65.5 93 
BP CV  44.9 69.4 64.1 45 42.1 89.9 42.2 67.5 






The aim of this study was to explore the temporal muscle activation specificity of the bench 
press and pull up exercises to front crawl swimming. The 50 % muscle activation threshold 
identifies areas of high muscle activation within the EMG data set. The results of this study 
show overlap between front crawl swimming, bench press and pull up exercises. The 
findings show overlaps between the triceps brachii, pectoralis major, middle deltoid and 
posterior deltoid whilst front crawl swimming and performing the bench press exercise. 
Similarly, front crawl swimming and the pull up exercise show overlaps with respect to the 
triceps brachii, latissimus dorsi, middle deltoid and posterior deltoid. However, the data 
show different responses across all participants. The patterns of overlap between the 
different muscles vary between dry-land resistance exercises and front crawl swimming. 
The analysis shows large and inconsistent variations between participants.  
The specificity of dry-land resistance exercises to front crawl swimming has previously 
been researched using EMG and little similarity was found between front crawl swimming 
and dry-land resistance exercises (Olbrecht and Clarys, 1983). A review from Martens et 
al. (2015b) found that during the propulsive phase of front crawl swimming, the arm and 
shoulder muscles, predominantly the latissimus dorsi, pectoralis major, triceps brachii and 
deltoids, produce high levels of muscle activity. Previous research shows that muscle 
activations recorded during the bench press exercise show the highest muscle activations 
at the middle deltoid and second highest at the pectoralis major (Schick et al., 2010), but 
when compared to similar studies the middle deltoid has almost 50 % of the muscle 
activation levels of the pectoralis major (Tillaar and Ettema, 2013). In the present research 
study, the pectoralis major shows greater muscle activations during front crawl swimming 
compared to the middle deltoids, which is in line with the findings of Tillar and Ettema 
(2013). Most overlaps between front crawl swimming and bench press occurred during 
both the catch and push phase for the middle deltoid and the catch and pull phase for the 
pectoralis major. Research investigating the muscle activations of the pull up exercise 
found higher muscle activations for the biceps brachii compared to the latissimus dorsi 
(Dickie et al., 2017).  On the contrary, Youdas et al. (2010) found higher muscle activations 
in the latissimus dorsi compared to the biceps brachii. The overlaps between front crawl 
swimming and the pull up exercise occurred during the pull and catch phase for the 




swimming are highly activated during the dry-land resistance exercises but not employing 
similar temporal muscle activation strategies. 
Specificity can be represented by the percentage of overlap between front crawl swimming, 
bench press and pull up, respectively. Previous, studies have considered muscle activation 
thresholds to (1) determine areas of significant muscle activation and (2) to remove noise. 
Li and Caldwell (1998) used 25 % as their threshold value, Hull and Hawkins (1990) used 
a threshold of 30 %, while Hug (Hug, 2011) found this threshold level to be fixed typically 
between 15-25 % of the peak EMG. Howard et al. (2017) applied a 50 % threshold of the 
peak EMG therefore removing any noise. This present research study therefore applied a 
50 % muscle activation threshold. The results from both dry-land resistance exercises show 
little difference between exercises for total muscle activation and overlap (table 10). Front 
crawl swimming and bench press showed the greatest muscle activation and overlap for the 
pectoralis major and triceps brachii, respectively. Similarly, front crawl swimming and pull 
up showed the greatest muscle activation and overlap for the triceps brachii and posterior 
deltoid, respectively. These results are in line with reports by Martens et al. (2015b) who 
stated that the latissimus dorsi, pectoralis major, triceps brachii and deltoids are the prime 
movers in front crawl swimming. However, there is limited specificity between front crawl 
swimming and the bench press and pull up exercises, with only 9.8 ± 1.4 % and 8 ± 1.6 % 
on average overlap across the four muscles for bench press (i.e. posterior deltoid, middle 
deltoid, pectoralis major, triceps brachii) and pull up (i.e. middle deltoid, posterior deltoid, 
triceps brachii, latissimus dorsi), respectively (table 10). These findings would suggest that 
there is limited similarity between front crawl swimming, bench press and pull up, 
respectively. These findings however do show that the prime movers of front crawl 
swimming were also activated during these exercises and this may explain why these 
exercises result in improvements in front crawl swimming performance as seen in Chapter 
2 and table 4. This finding further emphasises that association does not mean causation. 
The findings compliment those of chapter 6, specifically, the moderate association between 
5 RM bench press and pull up with maximal velocity front crawl swimming and significant 
difference in temporal characteristics. 
The overlap between the prime movers of front crawl swimming (Martens et al., 2015b), 
and as previously highlighted in section 3.6.1, suggest a degree of specificity between front 
crawl swimming and dry-land resistance exercises but limited temporal muscle activation 




large variability across the participants (table 10). Martens et al. (2016) demonstrated that 
swimming produced a higher inter individual variability (range: 70.8-96.8 %) compared to 
other sports (Guidetti et al., 1996, Bolgla and Uhl, 2007) as highlighted in section 3.6.4. 
This study also showed a large range of inter-individual varability for front crawl 
swimming (64.4-93 %). This may suggest that the dynamic nature of water may increase 
the inter-individual variability in swimming. These findings may question the validity of 
this method for assessing specificity between dynamic activities, as it does not account for 
the patterns and variability of muscle activations but only the duration of peak muscle 
activity. The findings of this study highlight the difficulty in examining specificity between 
dry-land resistance exercises and front crawl swimming using EMG data due to the large 
variability across all participants. 
7.7 Conclusion 
The results of this study show the prime movers during front crawl swimming are activated 
during the dry-land resistance exercises. Front crawl swimming and bench press showed 
the greatest muscle activation and overlap for the pectoralis major and triceps brachii, 
respectively. Similarly, front crawl swimming and pull up showed the greatest muscle 
activation and overlap for the triceps brachii and posterior deltoid, respectively. However, 
little overlap between front crawl swimming and the dry-land resistance exercises is 
evident, suggests a lack of temporal muscle activation specificity. The analysis however 
highlights the lack of specificity across a time series between bench press, pull up and front 
crawl swimming, respectively. The EMG data and previous literature for swimming has 
identified higher inter-participant variability compared to previous research on cyclic 
activities. It is clear that establishing specificity between dry-land resistance exercises and 
front crawl swimming using descriptive statistics is inconclusive, as it does not account for 
the dynamic nature of muscle activations. Additionally, it is difficult to identify areas of 
specificity between front crawl swimming, bench press and pull ups, respectively. 
Waveform analysis may provide a better comparison of dynamic activities such as, 
swimming and dry-land resistance exercises as it will incorporate the dynamic nature of 






Chapter 8: Waveform Analysis of the Specificity of Dry-





























The exploration of temporal muscle contraction specificity has found that there was no 
similarity between 5 RM bench press and pull up and maximal front crawl swimming. The 
previous chapter examined the temporal muscle activation specificity and found that the 
prime movers during front crawl swimming were activated during the bench press and pull 
up exercises. However, the prime movers were not activated in a similar muscle activation 
pattern across the propulsive and concentric time series. These results highlight the level of 
temporal muscle activation specificity, but this investigation has prompted further 
investigation into designing a method to quantify and identify temporal muscle activation 
specificity. This chapter will investigate the temporal muscle activation specificity between 
the concentric phase of the bench press and pull up to the propulsive phase of front crawl 
swimming using waveform analysis. This analysis will explore variability but also 
highlight relationships and differences between the muscle activation waveforms for each 
muscle.  
8.2 Abstract 
Specificity can be measured through the comparison of biomechanical time series data. The 
aim of the current study is to assess the specificity of dry-land resistance exercises to front 
crawl swimming using biomechanical time series methods. It was hypothesised that the 5 
RM bench press and pull up exercises would be significantly different to front crawl 
swimming. 14 male international and national level swimmers were recruited. EMG were 
collected whilst swimming and performing the bench press and pull up exercise. A 
standardised race warm up was conducted followed by 3 × 35 m front crawl swimming 
bouts, one at 70 % and two at 100 % of maximal exertion, 5 minutes inactive recovery 
period between each trial. The bench press and pull up exercises were performed 3 × 5 
repetitions, one at 70 % and two at 100 % of maximal exertion, with 5 minutes inactive 
recovery period between each trial. EMG data were filtered using a 4th order Butterworth 
filter and normalised to peak EMG values for each muscle. A Pearson pointwise correlation 
was used to identify movement patterns and statistical parametric mapping (SPM) t-test to 
establish differences in amplitude between waveforms. The Pearson pointwise correlation 
results showed that front crawl and bench press only found areas that reached the pointwise 
correlation (r ≥ 0.5) and time series (≥ 5 %) threshold for the triceps brachii and upper 




that reached the significant difference (p < 0.05) for the anterior deltoid and upper trapezius. 
front crawl swimming and pull up only reported significant ranges that reached the time 
series threshold for the upper trapezius. These findings suggest that using Pearson 
pointwise correlations to identify areas of strong relationships between movement patterns 
can be assisted by the SPM t-test in identifying differences between dynamic movements. 
In conclusion, there is little specificity identified between front crawl swimming, bench 
press and pull exercises, respectively. However, the large variability within this data set 
may have influenced the findings.   
8.3 Introduction 
Comparisons between dry-land resistance exercises and swimming performance is of great 
interest and importance to the sport and exercise science community (Preatoni et al., 2013). 
Athletic movements are dynamic in nature and can be analysed through the recording of 
forces, accelerations and velocities and derived variables such as angular velocities and 
joint torques. These variables are measured as biomechanical time-series, often referred to 
as waveforms. Visualisation of these time-series allows for the observation of specific time-
series across an entire movement (Richter et al., 2014), with assessment of these time-series 
often being achieved at either a group and/or individual analysis level. Different methods 
for analysing time-series data have been applied to movement variables with the most 
conventional approach being discrete point analysis. Previous specificity research from 
Bolger et al. (2017) investigated the level of agreement of muscle activations between 
maximum velocity sprinting and weighted squat jumps. Their findings suggest a lack of 
specificity between weighted squat jumps and maximum velocity sprinting. This was 
identified through muscle activation thresholds, intraclass correlation coefficient, R 
squared, RMSD (root mean square difference) and Bland Altman limits of agreement. 
However, this analysis can be limiting as it does not describe the dynamic nature of the 
data set, as highlighted in Chapter 7, and may result in potentially relevant information 
being missed and discarded (Richter et al., 2014). 
The analysis of complete biomechanical waveforms can overcome the limitation of 
analysing discrete points in specificity research with a number of contemporary methods 
becoming more common in biomechanical research. Warmenhoven et al. (2018) reviewed 
two statistical methods that examine time-series data sets. These were Functional Data 




2011).  FDA expresses discrete observations from time-series in the form of a function and 
then considers each measured function as a single observation for statistical analysis. SPM 
also regards time-series variables as a single observation. Both methods have been used 
across different sports including race walking, running, Olympic weightlifting, rowing and 
soccer (Warmenhoven et al., 2018). These methods are applied to data sets to explore and 
examine data sets (e.g. data reduction (i.e. PCA) methods, clustering, hypothesis testing 
and forecasting). 
The use of statistics to identify differences between groups is commonplace when 
identifying a significant difference between pre and post swimming resistance training 
interventions, as highlighted in section 2.5 (Crowley et al., 2017). T-tests identify 
differences and are appropriate for waveform data as a part of SPM. For the SPM t-test, a 
t-statistic is generated in the form of a continuous trajectory and random data is used to 
develop a critical t-statistic threshold for significance testing between independent samples 
(Warmenhoven et al., 2018). Additionally, the use of correlation analysis has been used 
extensively to identify relationships between dry-land resistance exercises and swimming 
performance (Crowley et al., 2018) as highlighted within section 4.6.2. Correlations show 
a relationship between two variables but do not mean causation and ultimately do not 
inform whether these variables will transfer to improve performance. However, these 
relationships can be used to inform practitioners of the specificity between waveforms by 
applying an FDA Pearson pointwise correlation technique that will analyse the exercise 
across a time series at each point of the movement.  
The current study used a series of statistical methods to investigate the specificity of dry-
land resistance exercises to swimming performance. Previous research by Crowley et al. 
(2018), Chapter 4, explored the prescription of resistance exercises and practices among 
elite swimming S&C coaches. The results of this research study found that the bench press 
and pull up exercises were the most popular upper body exercises that coaches believed 
transfer best to improve swimming performance. These findings highlight the need for the 
investigation into the prescription of resistance exercises to swimming performance. Many 
studies have highlighted the relationship between dry-land resistance exercises and 
swimming performance (Crowley et al., 2018) with limited evidence that links the muscle 
activations of dry-land resistance exercises with the specific muscle activations in 
swimming (Olbrecht and Clarys, 1983). The use of statistical analysis methods to identify 




to identify movement pattern relationships and SPM t-test to identify differences between 
waveform amplitudes. Therefore, the aim of the current study is to assess the similarity and 
differences between the bench press and pull up exercises to front crawl swimming using 
waveform analysis techniques. It was hypothesised that the 5 RM bench press and pull up 
exercises would be significantly different to front crawl swimming. 
8.4 Methods 
8.4.1 Participants 
Section 7.4.1 of this thesis outlined the methods within this section.  
8.4.2 Data Procedure 
Section 7.4.2 of this thesis outlined the methods within this section.  
8.4.3 Data Collection 
Section 7.4.3 of this thesis outlined the methods within this section. 
8.4.4 Data Processing 
Section 7.4.4 of this thesis outlined the methods within this section. Additionally, the x-
axis represents the duration of the propulsive phase of front crawl swimming and the 
concentric phase of bench press and pull up exercises (i.e. 100 %). The y-axis represents 
the mean (± SD) EMG muscle activity, the t-statistic for SPM t-test and the r-value for the 
Pearson pointwise correlations (figure 23).  
8.4.5 Statistical Analysis 
Mean (± SD) are represented using the middle stroke, trial 3, and middle repetition, trial 2, 
for each participant. Pearson pointwise correlations were used by Ramsay et al. (2009), 
where in this study correlations were used to analyse the strength of similarity between two 
time-series descriptively (p-values were not reported as this is unacceptable for the number 
of comparisons being made along a waveform). The pointwise correlation highlighted 
regions on the curve that showed different strength relationships between front crawl 
swimming and dry-land resistance exercises for each of the muscles. The SPM t-test was 




conducted using “SPM1D”, a free and open source software package for SPM (available at 
http://www.spm1d.org). Similarly, the SPM t-test highlighted regions on the curve that 
showed significant difference. The middle stroke and middle repetition for each participant 
was used for these t-tests.  
8.5 Results 
8.5.1 Variability 
The mean (± SD) of each muscle activation showed large variability between participants 
(table 12). This is represented using SD clouds (figure 23). The results of this study 
demonstrate that for front crawl swimming the latissimus dorsi has the lowest SD and the 
upper trapezius the highest. Similarly, bench press shows the pectoralis major to have the 
lowest SD and the posterior deltoid the highest. In the case of the pull up the posterior 
deltoid had the lowest SD and the anterior deltoid the highest. 
Table 12: Mean (± SD) EMG for each muscle across front crawl swimming, bench press 
and pull up. 


















M 22.8 30.5 32.2 30.7 32.7 32.3 33.8 30.7 
SD 18.8 21.1 20.7 25.6 21.3 22.8 22.1 28.5 
BP M 41.6 22.2 29.8 42.4 39.8 22.4 41.7 25 
SD 18.7 15.4 19.1 19.1 16.8 20.1 17.6 16.8 
PU M 24.6 35.2 36.7 31 31 36.3 35.6 23.4 
SD 23.2 19.5 19 18.6 17.9 17.6 20.2 19.5 
8.5.2 Pointwise Correlations 
The results of this analysis only highlight Pearson pointwise correlations when r ≥ 0.5, as 
this is deemed a strong correlation (Hopkins et al., 2009) and appendix 5.3 highlights 
Pearson pointwise correlations when r < 0.5. It is important to note that the duration of time 
for both the concentric phase of the dry-land resistance exercises and propulsive phase of 
front crawl swimming were normalised to 100 %. The following data was only reported if 
r ≥ 0.5. Additionally, the percentage range across the time series (i.e. x-axis) was reported 






Table 13: Pearson pointwise correlation results, when r ≥ 0.5, for front crawl swimming, 
bench press and pull up. 
Front Crawl Swimming and Bench Press 
Anterior 
Deltoid 
Period (%) 23 – 26 75 – 77 79 – 80 95 – 99 
   
R-value 0.61 ± 0.05 0.54 ± 0.02 0.52 ± 0.01 0.65 ± 0.07 
   
Biceps 
Brachii 
Period (%) 3 – 7 34 – 35 
     
R-value 0.68 ± 0.04 0.54 ± 0.02 
     
Latissimus 
Dorsi 
Period (%) 13 – 15 18 – 20 
     
R-value 0.54 ± 0.02 0.52 ±0.01 
     
Middle 
Deltoid 
Period (%) 67 – 68 90 – 92 
     
R-value 0.51 0.54 ± 0.02 
     
Posterior 
Deltoid 
Period (%) 46 - 47 
      
R-value 0.5 
      
Triceps 
Brachii 
Period (%) 4 – 11 12 – 14 20 – 21 
    
R-value 0.62 ± 0.08 0.51 ± 0.01 0.51 
    
Upper 
Trapezius 
Period (%) 8 – 14 16 – 17 21 – 35 38 – 39 43 – 47 59 – 64 74 – 77 
R-value 0.61 ± 0.04 0.53 ± 0.02 0.6 ± 0.05 0.51 0.54 ± 0.02 0.61 ± 0.05 0.55 ± 0.02 
 
Front Crawl Swimming and Pull Up 
Anterior 
Deltoid 
Period (%) 9 – 14 
      
R-value 0.59 ± 0.05 
      
Latissimus 
Dorsi 
Period (%) 47 – 49 
      
R-value 0.57 ± 0.03 
      
Middle 
Deltoid 
Period (%) 43 – 45 
      
R-value 0.54 ± 0.02 
      
Pectoralis 
Major 
Period (%) 96 – 99 
      
R-value 0.53 ± 0.01 
      
Furthermore, periods that exceeded 5 % or greater across the time series (i.e. x-axis) for 
front crawl swimming and bench press were the triceps brachii (4–11 %, r = 0.62 ± 0.08) 
and upper trapezius (8–14 %, r = 0.61 ± 0.04; 21–35 %, r = 0.6 ± 0.05; 59–64 %, r = 0.61 
± 0.05). This was the minimum time threshold reported. Figure 23 displays exemplar 
Pearson pointwise correlations for the anterior deltoid (front crawl swimming and bench 
press), demonstrating the magnitude of the correlation time-series. 
8.4.3 SPM T-test 
The results of this analysis only highlight a p–value less than 0.05 and appendix 5.4 shows 
SPM t-test values when p > 0.05. The data reported as the percentage range where p < 0.05 







Table 14: SPM t-test results, when p < 0.05, for front crawl swimming, bench press and 
pull up. 
Front Crawl Swimming and Bench Press 
Anterior Deltoid Period (%) 13 – 38 47 – 61 63 – 67 
T-statistic ± 3.6 
Pectoralis Major Period (%) 30 - 33 36 - 39 
 
T-statistic ± 3.63 
 
Triceps Brachii Period (%) 23 - 27 
  
T-statistic ± 3.61 
  
Upper Trapezius Period (%) 87 - 100 
  
T-statistic ± 3.4 
  
 
Front Crawl Swimming and Pull Up 
Biceps Brachii Period (%) 3 - 6 
  
T-statistic ± 3.64 
  
Upper Trapezius Period (%) 92 - 97 
  
T-statistic ± 3.48 
  
 
Front crawl swimming and bench press only reported significant ranges that reached the 
time series threshold for the anterior deltoid (13–38 %, 47–61 %; t = ± 3.6) and upper 
trapezius (87–100 %; t = ± 3.4). Front crawl swimming and pull up only reported significant 
ranges that reached the time series threshold for the upper trapezius (92–97 %; t = ± 3.48). 
Figure 23 displays an exemplar SPM t-test analyses for the anterior deltoid (front crawl 
swimming and bench press), highlighting the areas of significant difference (p < 0.05) 





Top: Mean (± SD) curves for swimming (red) and bench-press (blue); Middle: t-test results (p > 0.05 shaded in grey); Bottom: 
pointwise correlation results. 
Figure 23: Anterior deltoid during front crawl swimming and bench press showing SD 






The aims of this study were to investigate the specificity of dry-land resistance exercises to 
swimming performance using waveform analysis techniques. The group analysis within 
this research study used a single stroke cycle and repetition across all participants to 
compute the mean (±SD) for each muscle. The Pearson pointwise correlation and SPM t-
test investigated relationships between movement patterns and differences in amplitudes, 
respectively. This is important as the Pearson pointwise correlations (i.e. movement 
patterns) signifies periods of muscle activity similarity across the time series, whereas the 
SPM t-test (i.e. amplitude) identifies areas where there are significant differences in muscle 
activity. The investigation of movement patterns shows temporal muscle activation 
changes between front crawl swimming and the dry-land resistance exercises. The Pearson 
pointwise correlations evaluated the relationship of movement patterns between front crawl 
swimming and dry-land resistance exercises. When the propulsive phase was compared to 
the concentric phase of the dry-land resistance exercises there were few strong relationships 
established across the time series. Furthermore, SPM t-tests were used to explore the 
differences between muscle activations for front crawl swimming and the dry-land 
resistance exercises. Similarly, few periods of significant difference were established 
between front crawl swimming and the bench press and pull up exercises, respectively. 
The investigation of specific movement patterns and amplitudes established areas of 
specificity across the data set, however as highlighted previously it is not without its 
limitations. Front crawl swimming and bench press only found areas that reached the 
Pearson pointwise correlation and time series threshold for the triceps brachii and upper 
trapezius. These time series periods were examined for statistical differences between the 
waveforms (using the SPM t-test data), focusing on muscle activation amplitude. The 
findings showed no significant difference: triceps brachii (4–11 %, t = - 1.77) and upper 
trapezius (8–14 %, t = - 0.93; 21–35 %, t = - 0.47; 59–64 %, t = - 0.71). These results show 
no clear trends but rather a large deviation from the significant t-statistic providing further 
evidence these muscles show similarity between front crawl swimming and bench press at 
specific periods of the time series. 
The SPM t-test identified areas of significant difference for the anterior deltoid and upper 
trapezius between front crawl swimming and bench press. Additionally, front crawl 




difference. The SPM t-test results were examined for the mean correlations during these 
periods of the time series for front crawl swimming and bench press; anterior deltoid (13–
38 %, r = 0.21; 47–61 %, r = 0.27) and upper trapezius (87–100 %, r = - 0.02), and front 
crawl swimming and pull up; upper trapezius (92–97 %, r = - 0.04). Similarly, the results 
across these time series show a weak relationship for the selected periods and therefore, are 
significantly different. However, a strong Pearson pointwise correlation does not always 
correlate to a low t–statistic as the percentage difference from the t-statistic and t returning 
0 for the following is not consistent across the data set: triceps brachii (50 %, r = 0.62±0.08) 
and upper trapezius (73 %, r = 0.61±0.04; 86 %, r = 0.6±0.05; 79 %, r = 0.61±0.05).  
These findings may suggest that using the Pearson pointwise correlations to identify areas 
of strong relationships between movement patterns can highlight areas of similarity with 
the SPM t-test identifying areas of significant difference between amplitudes of dynamic 
movements. These findings provide a method to analyse the similarity between two 
waveforms and ultimately assess their specificity. The findings within this study do not 
highlight specificity (i.e. similarity) across the muscle activations for the majority of the 
prime movers of front crawl swimming, both within the literature and highlighted within 
Chapter 7. However, whilst there is no evidence supporting the upper trapezius contributing 
to the propulsive phase as a prime mover, the triceps brachii has been documented within 
the literature as a prime mover during the propulsive phase of front crawl swimming (Ikai 
et al., 1964, Birrer, 1986, Nuber et al., 1986, Figueiredo et al., 2013b, Rouard and Clarys, 
1995, Lauer et al., 2013). The findings within this study show periods of specificity 
between front crawl swimming and the bench press exercise for the triceps brachii, however 
there is no evidence to link the phase of movement with the area of specificity identified 
within this study. Figueiredo et al. (2013a) found the triceps brachii to show the highest 
muscle activation during the push phase, whereas the findings within this study show 
specificity during the catch phase. This would suggest that the findings of this study show 
inconsistent areas of specificity between front crawl swimming and the bench press and 
pull up exercises, respectively. 
The results of this study show large variability within the data set and would suggest that a 
single general muscle activity pattern (the mean activation pattern of all participants) is not 
representative of the individual muscle activity. Martens et al. (2016) found that there was 
no distinct muscle activation pattern for swimming compared to previous research on cyclic 




patterns showed conflicting results between research studies for bench press (Schick et al., 
2010, Tillaar and Ettema, 2013) and pull up (Dickie et al., 2017, Youdas et al., 2010) 
exercises, as highlighted within section 3.6.1. Furthermore, a limitation of the Pearson 
pointwise correlation and SPM t-test is the use of the mean muscle waveform to generate 
their findings. Individual analysis techniques require large repetitive cycles, which was not 
available within this data set as the cross-sectional study design required the collection of 
maximal effort trials and therefore only a select number of trials could be conducted. The 
high variability within this data set due to using the mean muscle activation pattern may 
not provide a true representative of the individual muscle activation pattern. 
The quantification and evaluation of specificity is challenging with conflicting results as 
highlighted above. The muscle activation specificity of these dry-land resistance exercises 
to front crawl swimming is poor but may be due to the large variability within the data set. 
The concept that the Pearson pointwise correlations identify similar movement patterns and 
the SPM t-test identifies amplitude differences may be a viable tool for future 
investigations. Ultimately, a strong Pearson pointwise correlation would denote a high level 
of specificity between two waveforms. The use of FDA methods may provide a viable 
technique to access this question on an individual basis. The need for a greater number of 
repetitions and stroke cycles makes it difficult, as fatigue becomes a factor in the reliability 
of each stroke cycle and repetition being representative of maximum velocity and a 
maximum expression of strength.  
8.7 Conclusion 
The results of this study show little muscle activation specificity between front crawl 
swimming and the dry-land resistance exercises. Front crawl swimming and bench press 
showed areas of similarity for the upper trapezius and triceps brachii but both show no 
specificity to front crawl swimming. Therefore, the results of this study show that bench 
press and pull up are not similar to front crawl swimming when analysed using mean 
waveform analysis. The large variability within the data set would suggest that mean 
muscle activity patterns are not representative of the individual muscle activity. However, 
the collection of data from a select number of repetitions and stroke cycles makes the 
individual statistical analysis techniques more challenging. This series of analysis may aid 
in developing a method to quantify the specificity of dry-land resistance exercises to, not 




analysis techniques such as FDA, Pearson pointwise correlations, SPM and SPM t-test, 
provide a greater quantification of the data set as they account for the dynamic nature of 
the cyclic activity. The Pearson pointwise correlation and SPM t-test simultaneously to 
inform the practitioners and coaches on the specificity of select exercises using a range of 
biomechanical components. Future research needs to focus on individual data analysis 
methods, to investigate the specificity between dry-land resistance exercises and front 



















Chapter 9: The Individual Analysis of the Specificity of 






























Temporal muscle activation specificity analysis has found that the prime movers during 
front crawl swimming were activated during the bench press and pull up exercises. 
However, the prime movers were not activated in a similar muscle activation pattern across 
the propulsive and concentric time series. The previous chapter highlighted a novel and 
original method to examine the relationship between biomechanical waveforms. The 
analysis did not find a relationship between front crawl swimming, bench press and pull 
up, respectively. However, the large variability within the data set would suggest that an 
individual analysis approach is necessary. Therefore, the investigation of RMSD’s between 
front crawl swimming, bench press and pull up, respectively, examining both group and 
individual specificity will allow for a greater analysis of similarity. Furthermore, the 
previous chapter highlighted that mean muscle activation waveforms do not represent an 
actual muscle activation waveform. Therefore, this chapter will use original waveforms and 
permutation calculations to examine specificity. The individual analysis of specificity will 
facilitate the exploration of variability that has been a feature of the analyses conducted in 
the studies thus far.  
9.2 Abstract 
Individualised training is commonplace within high performance sport. The temporal 
muscle activity profiles of dry-land resistance exercises to front crawl swimming 
performance resulted in large individual variability between participants. The aim of this 
study is to investigate the individual muscle activation specificity responses of dry-land 
resistance exercises to front crawl swimming using EMG analysis. It was hypothesised that 
even though there was little similarity between resistance exercises and front crawl 
swimming on a group level, that greater specificity would be found on an individual level. 
14 male international and national level swimmers were recruited. EMG were collected 
whilst swimming and performing the bench press and pull up exercises. A standardised 
race warm up was conducted followed by 3 × 35 m front crawl bouts, one at 70 % and two 
at 100 % of maximal exertion, with 5 minutes between bouts. Similarly, the bench press 
and pull up exercises were performed 3 × 5 repetitions, one at 70 % and two at 100 % of 
maximal exertion, with 5 minutes between bouts. EMG data were filtered using a 4th order 
Butterworth filter and normalised to peak EMG values for each muscle. RMSD was 




crawl swimming waveforms. RMSD values were computed using a series of RMSD 
permutations. The RMSD scores were compared for differences between dry-land 
resistance exercises and front crawl swimming waveforms. The RMSD results found a 
group significant difference across all muscles between dry-land resistance exercises and 
front crawl swimming. Large SDs across all muscles would suggest individualised 
responses to dry-land resistance exercises. Furthermore, individual analysis found a degree 
of muscle activation specificity for a range of muscles between front crawl swimming, 
bench press and pull up, respectively. In conclusion, the group analysis found no specificity 
between front crawl swimming, bench press and pull ups, respectively, however, the 
individual analysis would suggest that the investigation of specificity on an individual basis 
is required. Future research needs to focus on individual data analysis techniques to further 
investigate the specificity relationship between dry-land resistance exercises and 
swimming performance. 
9.3 Introduction 
The individualisation of training programmes is commonplace in elite sport. Resistance 
training interventions have shown large inter-individual variation (Erskine et al., 2010, 
Hautala et al., 2006) with no research examining the individual response of swimmers to 
training interventions. Additionally, the specificity of dry-land resistance exercises to 
swimming performance has shown a wide variation of responses. The conventional focus 
on the group mean statistics with the lack of information on the individual statistics 
provides an inaccurate representation of the data. This is evident throughout the academic 
literature on studies focusing on the impact of resistance training interventions to 
swimming performance with large SDs established (Crowley et al., 2017). Therefore, the 
application of individual analysis techniques will provide a more insightful understanding 
of specificity. 
The advancements in high performance sport has resulted in individualised training 
programmes and adaptations to training, both biomechanically and physiologically. 
Biomechanical specificity has been previously highlighted as a key component of 
specificity (Gamble, 2006). The inclusion of specificity will promote specific adaptions 
concerning action type, movement pattern, magnitude of force production, rate of force 
production, velocity of movement and range of movement. These adaptations are key 




these biomechanical components may directly improve sport performance. However, the 
lack of information relating to this within the academic literature makes it difficult for 
practitioners and coaches to apply these principles (Crowley et al., 2018). 
The identification of specificity between two movements has rarely been investigated. 
Direct EMG measurements can be a valuable tool for coaches and practitioners, for 
example to evaluate the effectiveness of a rehabilitation programme in terms of addressing 
the reduction in muscle activation and ascertaining if the muscle activation is close to or 
returned to the pre-injury level. Previous specificity research from Bolger et al. (2017), 
similar to section 8.2, shows that specificity has been assessed through calculating RMSD 
values. RMSD is a common method of evaluating and comparing EMG curves. The RMSD 
calculates the area under the curve and provides a method of comparing waveforms. RMSD 
permutations between front crawl swimming, bench press and pull up, respectively, can 
provide an insight into individual muscle activation specificity by comparing actual curves 
versus mean curves. This will provide a more accurate reflection of the data on an 
individual basis, as previously mentioned.  
Chapter 2 provides data on the transfer of resistance training programmes composed of 
several dry-land resistance exercises (table 4), but not the transfer of specific dry-land 
resistance exercises to swimming performance. Furthermore, the lack of scientific 
knowledge around the prescription of resistance training exercises and practices is evident 
(Crowley et al., 2018).  The knowledge of the specificity of dry-land resistance exercises 
is necessary before the transfer of dry-land resistance exercises can be established. The use 
of the mean statistic with large SDs is prevalent throughout the academic literature, with a 
more individualised approach being necessary to examine the specificity of the selected 
dry-land resistance exercises to front crawl swimming performance. Therefore, the 
improvement in swimming performance through dry-land resistance training interventions 
requires a focus on the specificity of the dry-land resistance exercises prescribed. The aim 
of this research study is to investigate the individual muscle activation specificity between 
front crawl swimming and dry-land resistance exercises using RMSD values. It was 
hypothesised that even though there was little similarity between resistance exercises and 
front crawl swimming on a group level, that examination of specificity at an individual 






Section 7.4.1 of this thesis outlined the methods within this section.  
9.2 Data Procedure 
Section 7.4.2 of this thesis outlined the methods within this section. 
9.4.3 Data Collection 
Section 7.4.3 of this thesis outlined the methods within this section. 
9.4.4 Data Processing 
Section 7.4.4 of this thesis outlined the methods within this section. 
9.4.5 Statistical Analysis 
The CV (Winter, 1984) are represented using the middle stroke, stroke 2, and middle 
repetition, repetition 3, for each participant. The RMSD calculation used a series of 
permutations to calculate all possible outcomes. Figure 24 was designed to explain how the 
permutations were calculated. Firstly, two groups were established, a baseline group and 
specificity group. The baseline group was divided into three subgroups; front crawl 
swimming, bench press and pull up. There were three possible permutations for each group 
as three stroke cycles or repetitions were recorded. Therefore, the baseline group accounted 
for any variability between stroke cycles or repetitions. The specificity group contained 
two subgroups; front crawl swimming and bench press and front crawl swimming and pull 
up. There were nine possible permutations for each group, as there were three front crawl 
swimming cycles and three bench press and pull up repetitions, respectively. The 
calculation of the mean of the baseline group (i.e. the mean of the three permutations for 
front crawl swimming, bench press and pull up) and the mean of the specificity group (i.e. 
the mean of the 9 permutations between front crawl swimming and bench press and 9 
permutations between front crawl swimming and pull up), for each muscle, was calculated. 




group (i.e. the mean of front crawl swimming and bench press permutations and front crawl 
swimming and pull up permutations) and the mean of the specificity group (the mean of 
front crawl swimming and bench press permutations and front crawl swimming and pull 
up permutations), for each muscle. Specificity was determined by comparing the specificity 
group to the baseline group to quantify the level of specificity between front crawl 
swimming and dry-land resistance exercises. The closer the specificity group was to the 
baseline group the greater the level of specificity between bench press, pull up and front 
crawl swimming, respectively.  Additionally, an independent samples t-test, mean (± SD) 
difference across the group and an effect size was calculated. Cohens d effect sizes were 
applied and interpreted as follows: 0.2 small, 0.5 medium and 0.8 large (Cohen, 1988). 
 
Figure 24: Graphic illustration for calculating the mean RMSD permutation groups for 
each exercise mode. 
9.5 Results 
9.5.1 Variability 
The CV of each muscle activation showed considerable variability between participants, 





The results of this analysis show significant difference between all the groups, through an 
independent samples t-test and a Cohens d effect size (Cohen, 1988) calculation (Table 15; 
appendix 6.2). Table 15 provides means (± SDs) for the baseline and specificity 
permutation, for front crawl swimming and bench press and front crawl swimming and pull 
up.  The difference between the baseline group was then evaluated with all muscles 
showing a highly significant (p < 0.001) difference between the baseline and specificity 
group with the anterior deltoid during front crawl swimming and pull up showing a 
significant difference value of p < 0.01. Effect sizes were also provided to give further 
insight into the difference between groups. The range of differences for front crawl 
swimming and bench press were as follows: upper trapezius (8.5–44.6 %), anterior deltoid 
(3–21.1 %), posterior deltoid (1.6–33.8 %), biceps brachii (3.6–18.3 %), middle deltoid 
(5.7–29.6 %), pectoralis major (4.3–16.1 %), latissimus dorsi (-2.3–22.8 %) and triceps 
brachii (-0.0–25.9 %). Similarly, the range of differences for front crawl swimming and 
pull up were: upper trapezius (2.4–59.7 %), anterior deltoid (0.3–37.8 %), posterior deltoid 
(5.1–19.8 %), biceps brachii (4.6–33.2 %), middle deltoid (4.4–26.1 %), pectoralis major 
(1.9–14.1 %), latissimus dorsi (3.5–24 %) and triceps brachii (2.2–19 %).  
Table 16 shows the individual participant baseline and specificity permutation differences 
for front crawl swimming, bench press and pull up exercises, respectively. The number of 
participants that showed RMSD values within 10 % of the baseline group for front crawl 
swimming and bench press were as follows for each muscle: upper trapezius (n = 2), 
anterior deltoid (n = 5), posterior deltoid (n = 6), biceps brachii (n = 7), middle deltoid (n 
= 5), pectoralis major (n = 6), latissimus dorsi (n = 8) and triceps brachii (n = 8). Similarly, 
front crawl swimming and pull up were as follows for each muscle: upper trapezius (n = 
2), anterior deltoid (n = 9), posterior deltoid (n = 5), biceps brachii (n = 6), middle deltoid 
(n = 4), pectoralis major (n = 7), latissimus dorsi (n = 9) and triceps brachii (n = 6). Muscles 
that had 50 % or greater of the participants (n ≥ 7) showing 10 % or less difference between 
the baseline and specificity group for front crawl swimming and bench press, were: biceps 
brachii, latissimus dorsi and triceps brachii. Similarly, for front crawl swimming and pull 
up: anterior deltoid, pectoralis major and latissimus dorsi showed 10 % or less difference 




The number of participants that showed RMSD values within 5% of the baseline group for 
front crawl swimming and bench press were as follows for each muscle: anterior deltoid (n 
= 1), posterior deltoid (n = 1), biceps brachii (n = 1), pectoralis major (n = 1) and latissimus 
dorsi (n = 1). Similarly, front crawl swimming and pull up were as follows for each muscle: 
upper trapezius (n = 1), anterior deltoid (n = 5), biceps brachii (n = 1), middle deltoid (n = 
3), pectoralis major (n = 3), latissimus dorsi (n = 1) and triceps brachii (n = 2).   The 
latissimus dorsi (- 2.31 %) and triceps brachii (- 0.02) showed negative values for front 
crawl swimming and bench press, displaying a greater level of specificity than the baseline 
group value. This is a resultant of the RMSD value being lower within the front crawl 





Table 15: The mean (± SD) differences for baseline and specificity permutations for front crawl swimming, the bench press and pull up 
exercises. 
  RMSD RMSD Difference T-test Effect Size 
Baseline Permutations Specificity Permutations       
Mean SD Mean SD Mean SD p - value   
Upper 
Trapezius 
SW vs BP 15.5 2.8 33.8 7.5 18.3 8.5 <0.001 2.2 
SW vs PU 15.9 2.6 34.6 11.3 18.7 13.4 <0.001 1.4 
Anterior 
Deltoid 
SW vs BP 19.1 2.9 32 6.7 12.9 6 <0.001 2.1 
SW vs PU 16.8 5 26.8 11 10 10 0.003 1 
Posterior 
Deltoid 
SW vs BP 17 5.4 30.7 5.1 13.7 8.5 <0.001 1.6 
SW vs PU 16.8 3.1 29.6 6.8 12.8 4.9 <0.001 2.6 
Biceps Brachii SW vs BP 14.3 3.8 25.2 5.7 10.9 4.6 <0.001 2.4 
SW vs PU 16.6 2 29.6 6.7 13 7.8 <0.001 1.7 
Middle Deltoid SW vs BP 18.5 3.1 34.2 7.8 15.7 7 <0.001 2.2 
SW vs PU 16.5 2.9 29.9 6.2 13.3 6.2 <0.001 2.1 
Pectoralis 
Major 
SW vs BP 18.3 2.5 29.2 3.7 10.9 3.4 <0.001 3.2 
SW vs PU 19.7 2.5 28.7 4.1 9.1 4.1 <0.001 2.2 
Latissimus 
Dorsi 
SW vs BP 17.3 4.6 27.6 4.7 10.2 7.1 <0.001 1.4 
SW vs PU 17.6 3.7 28.5 5 10.9 5.6 <0.001 2 
Triceps Brachii SW vs BP 18.4 2.8 29 4.7 10.6 6 <0.001 1.8 





Table 16: The mean (± SD) individual participant baseline and specificity permutation differences for front crawl swimming, bench press 
and pull up exercises.  
  Participants 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Upper 
Trapezius 
SW vs BP 44.6 17.6 17.6 16.3 16.7 15.7 23.8 17.4 16.8 13.5 18.6 8.5 9.9 18.9 
SW vs PU 59.7 13.6 13.6 19.4 23.8 5.5 20.7 15.8 12.1 15.5 18 2.4 15.5 26.1 
Anterior 
Deltoid 
SW vs BP 3 20.4 20.4 21.1 8.2 17.3 15.7 6 17.2 11.2 5.5 9.1 10.4 14.5 
SW vs PU 4 1 1 17.9 37.8 0.3 11.1 8.7 7.7 11.5 4.4 5.5 8.5 20.8 
Posterior 
Deltoid 
SW vs BP 15.6 6 6 11.3 14.2 26.7 16.6 33.8 9.4 8 16.3 1.6 9.3 17.3 
SW vs PU 7.6 13.1 13.1 6.7 17.9 19.8 5.1 11.2 16.7 19.3 17.7 9.2 8.8 12.5 
Biceps 
Brachii 
SW vs BP 5.7 9.6 9.6 11.2 17.6 12.6 5.7 3.4 18.3 8.9 12.7 16.8 12.3 7.4 
SW vs PU 7.1 12.1 12.4 4.6 6 5.4 7.6 20.4 11.7 15.7 8.9 17.5 19.7 33.2 
Middle 
Deltoid 
SW vs BP 5.7 16.8 16.8 17.3 9.9 9.8 29.6 21.9 14.5 7.3 9.7 13.9 25.5 20.7 
SW vs PU 9.3 4.8 4.8 10.4 14.9 15.2 12.9 26.0 16.6 19.4 4.4 15.2 12.9 19.5 
Pectoralis 
Major 
SW vs BP 13.6 13.1 13.1 16.1 12.7 10.9 8.0 11.2 9.8 7.7 9.3 16 4.3 7.1 
SW vs PU 9.8 11.9 11.9 12.4 3.8 5.2 7.7 2.7 10.6 12.2 9 14.1 1.9 13.7 
Latissimus 
Dorsi 
SW vs BP 6 11.5 11.5 8.9 18.2 22.4 6.7 1.1 -2.1 7.8 9.8 10.9 7.9 22.8 
SW vs PU 7.8 15 15 9.9 24 9.1 16.3 9.8 3.5 7 10 7 3.6 14.8 
Triceps 
Brachii 
SW vs BP 10.6 9.5 9.5 8.7 7.6 7.9 16.8 25.9 8.8 10.1 15.5 5.2 -0.02 12.5 
SW vs PU 9.7 13.1 13.1 2.2 3.6 10.7 10.8 19 18.4 16.3 18.9 9.7 6.4 8.4 
9.6 Discussion 
The aims of this study were to investigate the specificity of dry-land resistance exercises to 
front crawl swimming performance using an individual analysis technique. The CV within 
this data set was large and further suggests that an individual analysis approach was 
appropriate. The RMSD calculates the area under the curve and provides a method of 
comparing waveforms. The group analysis within this research study combined all the 
permutation means for each participant to compute the mean (± SD) for each muscle. The 
RMSD results found significant difference across all muscles between front crawl 
swimming and bench press and pull up, respectively. The mean (± SD) RMSD results show 
large SDs and would suggest individualised responses to dry-land resistance exercises. The 
individual responses show large variations with several participants showing values within 
10 % and 5 % of the baseline group. Additionally, two participants showed values below 
the baseline value.  
The CV provides an expression of the variability around the mean with previous research 
by Martens et al. (2016) showing large EMG variability between participants for front 
crawl swimming stroke cycles as previously outlined in section 3.6.4. The large variability 
of this data set required further investigation, due to the mean curve not representing an 
actual EMG signal. This provides evidence advocating the use of the original waveform. 
The RMSD was applied to provide an individual muscle activation specificity comparison 
of the data set through conducting a series of permutations between repetitions and stroke 
cycles. The permutations compared each individual curve to one another within each 
participant’s data set, with an overall group mean established (i.e. nine different 
computations were conducted) and therefore, using original waveforms to calculate the 
overall resultant value. 
The RMSD results found group significant difference and large effect sizes across all 
muscles between front crawl swimming, bench press and pull up, respectively. These 
results would suggest that there is very little muscle activation specificity present and 
therefore suggesting different activation patterns for swimming and resistance exercises. 
Additionally, the RMSD results show large SDs across all muscles. The individual 
responses show several participants showing values within 10 % of the baseline group. The 
muscles which had 50 % or greater of the participants (n = 7) showing 10 % or less 




latissimus dorsi and triceps brachii. Similarly, for front crawl swimming and pull up: 
anterior deltoid, pectoralis major and latissimus dorsi showed greater than 7 of the 
participants showed 10 % or less difference between groups. However, when values that 
were within 5 % of the baseline value were investigated, the anterior deltoid for front crawl 
swimming and the pull up exercise showed 5 participants within 5 % of the baseline value 
and this was the highest group of participants for a single muscle. Additionally, front crawl 
swimming and bench press showed that the latissimus dorsi for participant 9 and the triceps 
brachii for participant 13 demonstrated lower RMSD values compared to the baseline group 
but may be spurious. These findings would suggest a degree of specificity between dry-
land resistance exercises and swimming performance for specific muscles on an individual 
basis. The gradual decrease in participants, as expected, from 10 % to 5 % difference from 
the baseline value and to beneath the baseline value would suggest an individual muscle 
activation specificity between the dry-land resistance exercise and front crawl swimming. 
The muscles identified within 10 % of the baseline value have been highlighted within the 
literature as prime movers of front crawl swimming performance (Birrer, 1986, Figueiredo 
et al., 2013b, Ikai et al., 1964, Lauer et al., 2013, Martens et al., 2015a, Martens et al., 2016, 
Martens et al., 2015b, Nuber et al., 1986, Pink et al., 1991, Rouard and Clarys, 1995), as 
seen in section 3.6.1. This provides evidence that these dry-land resistance exercises have 
relevance within S&C programmes but their muscle activation specificity should be 
considered when applying specific dry-land resistance exercises.  
The RMSD results show a large CV across the participants but individual responses show 
a degree of specificity. Assessing performance objectively to individualise training 
programmes is one of the main problems faced by coaches and practitioners. The current 
research has identified the need for simple field evaluation methods and researchers such 
as Morin and Samozino (2016) have designed computer simulation models to overcome 
this problem. Force-velocity profiling assesses an athlete’s force and velocity production 
capabilities during ballistic tasks such as jumping (Samozino et al., 2008), bench press 
(Rahmani et al., 2018) and sprinting (Samozino et al., 2016). The identification of an 
athlete’s force or velocity capabilities during a specific task, independent of their power 
capabilities, can be useful to improve an athletes’ overall performance. This allows the 
coach to target specific resistance training modalities and exercises to improve specific 
training tasks through individual training programmes. This has resulted in coaches being 




physical and technical capabilities. However, the assessment of resistance exercise 
specificity is more complex and requires a coherent biomechanical model of assessment.  
Technical ability of the athlete has been highlighted as a contributor to the transfer of 
resistance training to swimming performance with the execution of key technique and skill 
through strength and power components suggested to result in a greater overall 
performance (Mujika and Crowley, 2019). Burnie et al. (2018) conducted a study of elite 
coaches and concluded that performing non-specific resistance training in conjunction with 
specific resisted sport movements increased the likelihood of transfer. Furthermore, 
Aspenes et al. (2009) suggests that dry-land resistance training should be followed up in 
parallel with technical training to assist the transfer of resistance training to swimming 
performance. Technical proficiency may be a factor for consideration when exploring the 
specificity of dry-land resistance exercises to swimming performance. Athletes with greater 
technical proficiency, through the identification of key technical landmarks whilst 
swimming, may have increased capabilities to transfer strength improvements through 
resistance training to athletic performance due to greater muscle activation specificity. This 
is especially important to consider when comparing biomechanical data compared to other 
scientific data sets, as movement variability plays an important role in comparing dynamic 
movements. 
9.7 Conclusion 
The collection of data from a limited number of repetitions and stroke cycles makes the 
individual statistical analysis more challenging, as large event cycles are required to 
conduct such analysis techniques. The results of this study show large variability within the 
data set and suggest that a mean muscle activity pattern is not representative of the 
individual muscle activity. The individual RMSD responses show several participants 
showing values within 10 %, 5 % and even beneath the baseline group value. However, 
only values within 10 % had 50 % or greater of the participants showing specificity for 
front crawl swimming and bench press (biceps brachii, latissimus dorsi and triceps brachii) 
and front crawl swimming and pull up (anterior deltoid, pectoralis major and latissimus 
dorsi). Additionally, the anterior deltoid for front crawl swimming and the pull up exercise 
showed 5 participants within 5 % of the baseline value and this was the highest group of 
participants for a single muscle. The series of analysis may aid in developing a metric for 




limited event cycles are available. In conclusion, the group analysis found no specificity 
between front crawl swimming, bench press and pull ups, respectively. However, the 
individual analysis would suggest that the investigation of specificity on an individual basis 
is justified. This is suggested through the large variability seen between participants and 50 
% or greater of the participants showing a degree of specificity. Future research needs to 
focus on individual data analysis methods, to further investigate the specificity relationship 
between dry-land resistance exercises and front crawl swimming performance. The 
identification of key technical landmarks throughout the propulsive phase and the execution 
of these key technical landmarks on land, while performing dry-land resistance exercises, 
may aid in bridging the specificity gap between dry-land resistance exercises and front 
















































Human movement involves the interaction of muscles and the neuromuscular system to 
complete a task. Therefore, changes in the morphology of the muscle fibres lead to changes 
in neuromuscular function (Aagaard, 2003, Duchateau et al., 2006, Folland and Williams, 
2007). The specificity of a muscle action is reliant on similar ranges of motion, joint angles, 
velocity of contraction, postural or limb position while and more specifically muscle 
activity during the action. Resistance training elicits a series of neuromuscular adaptations, 
including improved motor unit recruitment, synchronisation, co-contraction, rate coding, 
intra- and inter-neuromuscular co-ordination and neural inhibition. Motor unit recruitment 
is supported by the size principle (Henneman et al., 1974) and therefore the force is 
proportional to the increase in motor units recruited (in both size and number). The 
magnitude of the neural activation, and hence the force produced by a muscle, depends on 
the number of motor units activated (recruitment) and the rates at which motor neurons 
discharge action potentials (rate coding). The contractile property of the motor unit is 
described by the force time response and can be described by contraction time (maximum 
tension), magnitude of peak force and the time the force takes to decline to one half of its 
peak value (half relaxation time). This can change through the influence of training 
adaptations.  
EMG recordings monitor neuromuscular activity and are a resultant of motor unit 
recruitment and rate coding (firing frequency). The amplitude of the EMG signal is 
influenced by the specific summation pattern of the individual motor unit action potentials, 
which is affected by the degree of motor unit synchronisation. Through extensive reviews 
of the literature (Chapters 2 and 3, respectively) and insightful information from elite 
swimming S&C coaches (Chapter 4) it can be observed that resistance training improves 
swimming performance through neuromuscular adaptations.  Resistance training results in 
an increase in neuromuscular activity through the summation of electrical activity, motor 
unit recruitment and a measure of muscle contraction and inactivity as measured by EMG 
recordings. Therefore, EMG data can be used to examine the specificity relationship 
between front crawl swimming and dry-land resistance exercises as seen throughout 
Chapters 7-9. These Chapters explored and examined the muscle activation specificity 
between front crawl swimming and the selected dry-land resistance exercises (i.e. bench 




The findings within this thesis highlight the importance of examining the specificity of 
resistance exercises to sport performance. The review of the academic literature showed 
that the prescription of low volume, high force, traditional resistance training programmes, 
showed a positive transfer to swimming performance. Further investigations showed that 
elite swimming S&C coaches prescribed traditional resistance training most often and 
stated that the bench press and pull up exercises best transferred to improving swimming 
performance. However, the lack of informed evidence-based information is evident from 
little research focusing on specificity of exercises prescription. Therefore, there is a poor 
mechanistic understanding across this cohort of coaches on the specificity of dry-land 
resistance exercises to swimming performance. This prompted the investigation of muscle 
activation specificity between dry-land resistance exercises and swimming performance. 
Through a series of research studies, this research demonstrated that the selected dry-land 
resistance exercises activated the same prime movers as in front crawl swimming, but the 
temporal muscle activation of these prime movers was different between front crawl 
swimming, bench press and pull up, respectively. Therefore, the aims of this section are to 
highlight and discuss the practical implications, limitations, future research directions and 
conclusions that emerged from the findings of this programme of research. 
10.2 Summary of Key Outcomes 
The transfer of information from academia to practitioners is unclear with regards the 
understanding of specificity. Chapter 4 investigated elite swimming S&C coaches to 
understand which dry-land resistance exercises and practices they believed best transferred 
to improve swimming performance. The findings showed that traditional resistance training 
was the most widely prescribed practice. Chapter 2 showed similar results within the 
academic literature and traditional resistance training best transferred to improve 
swimming performance. The coaches prescribed traditional resistance training to develop 
strength, power and the neuromuscular system, to improve specific tissue properties and 
ultimately for performance enhancement. The elite S&C coaches believed that this form of 
training resulted in several training adaptations as seen within Chapter 4 (i.e. improved 
motor unit recruitment, synchronisation, co-contraction, rate coding, intra and inter 
neuromuscular co-ordination and neural inhibition). However, the elite swimming S&C 
coaches showed a high reliance on other coaches’ experience as their primary source of 




resistance exercises. Relying only on other coaches’ experience as a primary source of 
information has the potential to poorly inform coaches because of an over-reliance on 
information from opinion pieces, blogs, social media, etc. Some uncritical and pseudo-
science documents appear in these sources and therefore, can be misleading. Ultimately, 
the results showed evidence that the academic literature (i.e. Chapter 2) and practitioners 
(i.e. Chapter 4) believe that traditional dry-land resistance exercises transfer to improve 
swimming performance. 
The review of the literature highlighted the improvement in swimming performance 
through the inclusion of resistance training interventions. The results of Chapter 2 are 
consistent with the view that traditional resistance training can improve swimming 
performance. Girold et al. (2012), Girold et al. (2007), Strass (1988) and Aspenes et al. 
(2009) all found that a concurrent traditional resistance training and swimming training 
programme improved muscular strength and found significant improvements in front crawl 
swimming performance across a range of distances (i.e. 22.9 m to 400 m). However, these 
studies only provided evidence that dry-land resistance training contributed to changes in 
swimming performance as concurrent swim training may have caused changes in 
swimming performance. These findings do not specifically identify how traditional 
resistance training improves swimming performance and more specifically what resistance 
exercises improve swimming performance. The literature provides little indication to which 
aspect of dry-land resistance training improved swimming performance. Chapter 3 
provided an overview of a range of muscle activations of traditional resistance exercises 
and how similar were the muscle activations of these exercises to front crawl swimming. 
The results highlight that the prime movers during bench press (middle deltoid and 
pectoralis major (Schick et al., 2010, Tillaar and Ettema, 2013)) and the pull up (biceps 
brachii and latissimus dorsi (Dickie et al., 2017, Youdas et al., 2010)) exercises are similar 
to the prime movers activated during front crawl swimming (latissimus dorsi, pectoralis 
major, triceps brachii and deltoids (Martens et al., 2015b)). Similarly, Chapter 2 shows that 
improvements in front crawl swimming performance are observed in studies that prescribed 
the bench press (Song et al., 2009, Girold et al., 2007) and pull up (Girold et al., 2012, 
Girold et al., 2007, Tanaka et al., 1993, Trappe and Pearson, 1994) exercises. Furthermore, 
Chapter 4 explored the prescription of dry-land resistance exercises among elite swimming 
S&C coaches. The results of this research study found that the bench press and pull up 




believed transferred best to improve swimming performance. These results suggest that 
coaches consider the bench press and pull up exercises to have a degree of specificity to 
front crawl swimming with the literature highlighting that the muscle activations are similar 
between front crawl swimming and bench press and pull up exercises, respectively. 
However, this information and knowledge does not provide the specificity of muscle 
activations between front crawl swimming, bench press and pull up exercises, respectively. 
This programme of research required a series of pilot tests, outlined within section 5, before 
data collection could commence designing a testing protocol. This study design is the first 
to compare EMG specificity between dry-land resistance exercises and front crawl 
swimming. Through the completion of two reviews, Chapters 2 and 3, several method 
related issues and concerns were highlighted that affect this study design. The findings 
within Chapters 2 and 3 highlighted method-related considerations for consideration in 
both intervention-based studies and cross-sectional study designs. Method related 
recommendations include a need for randomised controlled trials and accounting for sex 
bias. These were considered when designing the cross-sectional study. For example, both 
dry-land resistance exercises and front crawl swimming were completed in a randomised 
order and only male participants were included within this study due to a lack of female 
participants meeting the inclusion criteria. More specifically, training interventions need to 
span across the duration of a training cycle or season to account for acute and chronic 
training adaptations. Statistical power analysis is required to give an accurate representation 
of the population and effect sizes will assess the magnitude of training interventions. 
Consistency with regards to the collection of data (i.e. timing systems, pool length) is 
necessary to allow for valid and reliable data collection. Section 2.6.1 (method related 
recommendations) outlines the importance of considering athlete’s initial training status as 
it would affect the range of improvement as more elite performers would show smaller 
degrees of improvement. Specifically, EMG data collection is complex and greater controls 
are required around the collection of such data as it may be affected by fatigue, training 
adaptations, sensor position and contraction type. This programme of research was based 
on a cross sectional study design. Chapter 3 provided specific method related 
considerations with regards the recording and assessment of EMG data, including 
normalisation methods and variability amongst EMG data sets. Other method-related 
considerations, as outlined in Chapter 5, include waterproofing of equipment, not removing 




equipment using an LED trigger, identification of events and the normalisation of EMG 
data using the dynamic peak method, just to name a few. The findings from Chapters 2 and 
3 provide the foundations for a robust study design, which is novel and original. 
The exploration of specificity of front crawl swimming to dry-land resistance exercises 
consists of several descriptive analysis techniques and explores the concept that association 
does not mean causation. The findings from Chapter 6 show that there is a lack of temporal 
muscle contraction similarity when prescribing bench press and pull up exercises to front 
crawl swimming. This was evident through significant differences in the duration of time 
under tension and ratio of the eccentric and concentric phases. Furthermore, temporal 
muscle activation data showed degrees of specificity between front crawl swimming, bench 
press and pull exercises, respectively. front crawl swimming and bench press showed the 
greatest overlap for the pectoralis major and triceps brachii, respectively. Similarly, front 
crawl swimming and pull up showed the triceps brachii and posterior deltoid, respectively, 
to have the greatest overlap. This was further evident as front crawl swimming and bench 
press and pull ups showed overlap across four muscles for bench press (posterior deltoid, 
middle deltoid, pectoralis major, triceps brachii) and pull up (middle deltoid, posterior 
deltoid, triceps brachii, latissimus dorsi) to be 9.8 ± 1.4 % and 8 ± 1.6 %, respectively. This 
method of analysis identified the major prime movers across front crawl swimming and the 
selected dry-land resistance exercises, as highlight within Chapter 3. Additionally, it 
identifies areas of temporal muscle activation across the time series. These findings suggest 
little temporal muscle activation specificity between front crawl swimming, bench press 
and pull up exercises, respectively. Whilst this method provides important findings, it does 
not incorporate the dynamic nature of front crawl swimming and the bench press and pull 
up exercises, as it only shows EMG peaks and not the range of amplitude changes across 
the time series. Additional findings from chapter 6 show a strong relationship between 5 
RM pull up and 100 m front crawl personal best with 5 RM bench press and 100 m front 
crawl personal best only showing a moderate relationship. 5 RM pull up and 100 m front 
crawl personal best is the only strong relationship established within this study and these 
finding suggest that greater upper body pull strength levels contribute to overall swimming 
performance. Interestingly, the moderate relationship established between 5 RM pull up 
and 100 m front crawl maximal velocity may be due to significant differences in temporal 
characteristics between pull up and front crawl swimming, the causation of this association 




specificity to front crawl swimming compared to the bench press exercise. However, 
significant differences between temporal characteristics of the 5 RM pull up and maximal 
front crawl swimming velocity may contribute to the moderate versus strong relationship 
with 100 m front crawl personal best time. Furthermore, these findings may suggest that 
exercises that show association may not be biomechanically similar. This would suggest 
that high association between bench press, pull up and front crawl swimming may be 
because of the key prime movers activated during these exercises. However, consistent 
improvement over an extended period through the application of 5 RM bench press and 
pull up may be limited due to the lack of specificity present. It can be concluded that due 
to the activation of the prime movers during the bench press and pull up, these exercises 
may be most appropriate for generalised development but need increased specificity 
through temporal changes (e.g. VBT) during specialised development or training periods. 
The Pearson pointwise correlation and SPM t-test can be used simultaneously to inform the 
practitioners and coaches on the specificity of select exercises using a range of 
biomechanical components across a time series. Chapter 8 found that front crawl swimming 
and bench press only found areas that reached the Pearson pointwise correlation and time 
series threshold for the triceps brachii and upper trapezius. Chapter 9 applied RMSD to 
provide an individualised specificity comparison of the data set through conducting a series 
of permutations of repetitions and stroke cycles. The RMSD results showed large SDs 
across all muscles for the group analysis, as highlighted previously in Chapters 7 and 8. 
However, muscles identified within 10 % of the baseline value for ≥ 50 % of participants 
highlighted the biceps brachii, latissimus dorsi and triceps brachii for front crawl swimming 
and bench press and the anterior deltoid, pectoralis major and latissimus dorsi for front 
crawl swimming and pull up. These prime movers have previously been documented within 
the front crawl swimming literature (Birrer, 1986, Figueiredo et al., 2013b, Ikai et al., 1964, 
Lauer et al., 2013, Martens et al., 2015a, Martens et al., 2016, Martens et al., 2015b, Nuber 
et al., 1986, Pink et al., 1991, Rouard and Clarys, 1995) and Chapter 3. This method does 
not provide similar results to Chapter 8 and this may be due to the application of original 
waveforms to calculate the overall resultant value versus mean waveforms in Chapter 8. 
However, this does provide evidence for the need to conduct individual analysis techniques 
versus mean analysis techniques. The need for an individual analysis technique is evident 
as large variability across the data set makes mean analysis challenging and may result in 




The large variability that occurred in this empirical research makes it difficult to interpret. 
The review of the current EMG literature, Chapter 3, shows that EMG data is highly 
variable with many methods used to process and represent the data. This includes intra- and 
inter-participant EMG data variability. Intra-participant variability was reduced using 
dynamic peak method. The large variability within this empirical research is evident 
through analysis of variability, including temporal muscle activation thresholds (section 
7.5, figures 21 and 22), SDs (section 8.5, table 12) and visual SD clouds (section 8.5, figure 
23) and the coefficient of variation (section 7.5 and 9.5, table 11).  The large variability 
described by the above measures would suggest there are no clear patterns across all the 
participants, therefore the use of mean data sets may not be appropriate. Chapter 7 
highlights the difficulty in examining specificity between dry-land resistance exercises and 
front crawl swimming using EMG data due to the large variability across all participants 
(figure 19 and 20). Chapter 8 showed large variability, described through SD clouds (figure 
21) within the data set. These findings would suggest that a single general muscle activity 
pattern (the mean activation pattern of all participants) is not representative of 
individualised muscle activity. Therefore, the examination of EMG data sets using 
individual analysis techniques may be more appropriate. 
10.3 Practical Implications 
This programme of research has highlighted necessary considerations for practitioners and 
coaches alike. The systematic review of the literature showed that dry-land resistance 
training transferred best to swimming performance when low volume, high force, 
traditional resistance training programmes were applied. Insight from elite swimming S&C 
coaches highlights that the most common S&C training practices applied were traditional 
resistance training and dry-land warm ups with the bench press and pull up exercises the 
most popular upper body exercises that coaches believed improved swimming 
performance. However, this research highlights that traditional resistance training 
exercises, prescribing high force outputs are not specific to maximal swimming 
performance. This was evident through a series of empirical studies; however, results did 
find that the prime movers to front crawl swimming were activated during the bench press 
and pull up exercises. Therefore, it can be concluded that these exercises are important for 




Additional findings from the questionnaire highlight that coaches need to have a clear 
understanding of the mechanisms that occur during the prescription of dry-land resistance 
exercises, with more objective and evidence-based sources of information applied. 
Additionally, large inter-participant variability may indicate that a mean EMG analysis is 
not representative of an actual EMG waveform. Individual analysis techniques may be 
required as technical efficiency may impact the specificity relationship between front crawl 
swimming, bench press and pull up, respectively. 
10.4 Limitations 
Limitations within this research thesis include: 
➢ The collection of only three stroke cycles and repetitions due to the recording of 
maximal exertion data has resulted in several method related limitations.  
➢ Mean velocity data collection for the bench press and pull up, would have further 
informed the results and conclusion of Chapter 6. 
➢ Additional kinematic data collection would have resulted in further analysis and 
support for the findings within this thesis, specifically Chapters 6 - 9. 
➢ The execution of dry-land resistance exercises whilst applying key front crawl 
swimming movement patterns may have resulted in less muscle activation 
variability and ultimately greater specificity. 
The collection of data from a select number of repetitions and stroke cycles makes the 
individual statistical analysis techniques more challenging. This was primarily due to the 
collection of maximal exertion data and further data collection would not have been 
representative because of the influence of fatigue. EMG data shows large inter-participant 
variability and suggests that there is no specific muscle activation pattern for swimming 
compared to previous research on cyclic activities. A limitation of two of the statistical 
analysis techniques applied in this study, the Pearson pointwise correlation and SPM t-test, 
is the use of the mean muscle waveform to generate findings. The large variability across 
the participants within the data set is a limitation as using the mean muscle activation 
pattern may not provide a true representation of the individual muscle activation pattern. 
Individual analysis techniques require large repetitive cycles due to tests derived from 




characteristics, therefore comparing against this to generate a p-value, etc. This was not 
available within this data set.  
The alterations in temporal characteristics between front crawl swimming and the selected 
dry-land resistance exercises alters the dynamic intra- and inter-muscular relationships. The 
results from Chapter 6 highlights the need for greater specificity when prescribing dry-land 
resistance training to initiate specific neuromuscular adaptations (Gabriel et al., 2006). This 
further confirms the findings within Chapters 7-9, as there is a clear discrepancy in temporal 
muscle activation specificity between exercises modes. Therefore, the application of 
velocity specific training would change the duration of muscle contractions and inactivity. 
This may increase the specificity relationship between both front crawl swimming and the 
bench press and pull up exercises. 
The kinematic data collected within this study does not provide sufficient data to perform 
additional analysis of specificity. This data was not collected as there were no waterproof 
camera systems available that could record and calculate such variables as joint angles, 
angular velocity, to name a few. Therefore, there was no collection of such kinematic data 
for the bench press and pull up exercises. The identification of key technical landmarks (i.e. 
high elbow during the catch and pull phase of the propulsive phase) throughout the 
propulsive phase may aid in the degree of specificity between dry-land resistance exercises 
and front crawl swimming. The incorporation of dry-land resistance exercises that meet 
these specificity criteria may support in the transfer of dry-land resistance exercises to front 
crawl swimming performance. Traditional dry-land resistance exercises where key 
technical landmarks, within front crawl swimming, are executed whilst performing the 
traditional dry-land resistance exercises may increase the specificity of the selected 
exercise. Furthermore, this exercise specificity may decrease the variability within the 
EMG data set. 
10.5 Future Research Directions 
Future research is required to advance specificity research between front crawl swimming 
and dry-land resistance training. The future directions will aid in the advancement of 





➢ Prescription of dry-land resistance training exercises which match the temporal 
characteristics achieved during the propulsive phase of front crawl swimming. 
➢ Investigation of the kinetic and kinematic similarity of resistance exercises to sport 
performance, using FDA techniques.  
➢ The individual analysis of the specificity of dry-land resistance exercises to front 
crawl swimming performance applying FDA techniques.  
➢ The development of a coherent biomechanical model of specificity through the 
collection of both EMG, kinetic and kinematic data. 
The findings within Chapter 6 showed significant differences in temporal muscle 
contraction characteristics. The development of sport specific velocities through strength 
and power training are greater when training through specific movement velocities (Cormie 
et al., 2011, Crewther et al., 2006). This approach to move with specific movement 
velocities will stimulate and optimise specific neural adaptations (Cormie et al., 2011). The 
improvement in power and strength is a resultant of neuromuscular adaptations but also the 
increase in strength development provides the foundations for increasing power output 
(Peterson et al., 2006, Wisløff et al., 2004). The incorporation of VBT will further develop 
neuromuscular adaptations and therefore, may increase specificity of the resistance training 
programmes.  
The quantification and evaluation of specificity is challenging with conflicting results as 
highlighted within this Chapter (10). The concept that the Pearson pointwise correlations 
identify movement patterns and the SPM t-test identifies amplitude differences may be a 
viable technique for future investigations. This series of analyses may aid in developing a 
metric for quantifying the specificity of dry-land resistance exercises to sport performance 
across a range of kinetic and kinematic measures. Additionally, the application of FDA 
may provide a viable method to assess specificity within participants.  
Assessing performance objectively to individualise training programmes is one of the main 
challenges faced by coaches and practitioners. Force-velocity profiling assesses an athlete’s 
force and velocity production capabilities during ballistic tasks such as jumping (Samozino 
et al., 2008), bench press (Rahmani et al., 2018) and sprinting (Samozino et al., 2016). This 
allows the coach to target specific resistance training modalities and exercises to improve 




can provide specific training methods to improve sport performance. This is through 
individualised monitoring and training of physical and technical capabilities of athletes. 
The development of a coherent biomechanical model is required to profile swimming 
performance. This model of assessment would fully explain the specificity between front 
crawl swimming and dry-land resistance exercises. This model would describe the kinetic 
and kinematic requirements and thus, aid the selection of the appropriate dry-land 
resistance exercises. This model would represent the range of motion and joint angles of 
the exercises, the velocity of the exercises performed, postural or limb position while 
performing movements, tethered forces and the muscle activity during the exercise. This 
model would then represent the requirements of swimming performance and would 
therefore be highly informative and useful to coaches and practitioners alike. 
10.6 Conclusions 
In conclusion, this programme of research aimed to (1) improve the understanding of dry-
land resistance training coaching practices and (2) examine the specificity of dry-land 
resistance exercises to front crawl swimming performance. The key findings of this 
programme of research were: 
➢ The systematic review showed that dry-land resistance training transferred to 
swimming performance when low volume, high force, traditional resistance 
training programmes were applied. 
➢ Bench press and pull up exercises were the most popular upper body exercises that 
coaches believed improved swimming performance. Furthermore, coaches need to 
have a clear understanding of the mechanisms that occur during the prescription of 
dry-land resistance exercises, with more objective and evidence-based sources of 
information. 
➢ The review of the literature shows that the key prime movers during the propulsive 
phase of front crawl swimming are activated during the concentric phases of both 
the bench press and pull up exercises, respectively.  
➢ The examination of mean temporal muscle contraction and activation specificity 
between maximal front crawl swimming and 5 RM bench press and pull up trials, 




➢ The original and novel data analysis techniques used to assess specificity across the 
group (i.e. Pearson pointwise correlations, SPM t-tests) found no temporal muscle 
activation specificity. However, large inter-participant variability may have 
affected the results. 
➢ EMG data shows large inter-participant variability for both dry-land resistance 
exercises and front crawl swimming showing individual differences across all 
participants. This suggests that a mean EMG waveform is not representative of an 
actual EMG waveform.  
➢ Individual analysis techniques suggest that specificity between prime movers of 
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